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ABSTRACT 
Spatial navigation in humans correlates with activity of cells in hippocampus that respond 
when we traverse specific locations in our environment. Hippocampal pyramidal cells in 
rodents called “place cells” may contribute to episodic memory by encoding location in 
physical space. Place cells display plasticity by “remapping” or altering their firing rates 
and patterns of activity in response to changes in spatial environment. Impaired 
remapping may underlie age-related deficits in spatial memory tasks. Using in vivo high-
density electrophysiology to record place cell activity in awake, behaving rats, we tested 
the hypothesis that CA3 neuron hyperactivity in aged animals could be normalized by 
pharmacotherapy. Results show that acute, systemic administration of low dose 
levetiracetam and sodium valproate ameliorates deficits in the aged hippocampal network 
by reducing firing rates, decreasing place field area, and increasing the spatial selectivity 
of CA3 place cells. We then tested the hypothesis that place cell activity, field area, and 
spatial selectivity may be an indicator for therapeutic enhancement of spatial memory in 
young adult rats.  The results demonstrate that α5IA enhances hippocampal-dependent 
spatial memory as measured by the location novelty recognition task in rats, consistent 
with the previously established action of α5IA as an enhancer of spatial memory in the 
 ix 
 water maze test. Electrophysiological recordings on the same animals carried out in 
parallel demonstrate that α5IA increases place cell firing rates, reduces field area, and 
increases spatial selectivity. Together, these results suggest that reducing place field area 
and enhancing spatial selectivity correlate with the age-independent therapeutic 
improvement of spatial memory. The increase in place cell firing rates by α5IA likely 
results from its known action as a negative allosteric modulator of α5-subunit-containing 
 receptors (α ), which are located extrasynaptically at the base of dendritic spines on CA1 
and CA3 pyramidal cells. Thus, to potentially target extrasynaptic tonic inhibition in the 
hippocampus, we synthesized and validated two α  specific miRNAs as a platform for 
future attempts to improve spatial memory in young adult and aging animals via 
molecular genetics. 
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 I. INTRODUCTION 
A systems pharmacology approach to address the current need for new therapeutic 
agents and discovery strategies for cognitive enhancers 
A brief overview of cognitive decline associated with aging and neurologic disorders 
As we age, biological and psychological changes occur – some based on 
experience may be for the better and others, based on altered neuropharmacological 
changes can lead to impaired functionality. Aging is often accompanied by impairment of 
memory and attentional deficits and, in some cases, age-related neurodegenerative 
diseases. Although the overall picture might seem to be one of cognitive decline, a great 
deal of variability exists across individuals. For instance, many old adults out-perform 
young adults in some cognitive tasks, while others of the same age do at least as well as 
the young  (Craik & Salthouse, 2000). The neurobiological underpinnings for how it is 
that some individuals exhibit cognitive impairments while others maintain high levels of 
cognitive performance with aging has yet to be understood.  
Studies of neuron density, some of which used biased stereological techniques, 
supported the idea that neuronal loss could account for cognitive impairments but that 
myth has since been discounted  (Rapp & Gallagher, 1996). Focus has shifted to regional 
changes in white matter (e.g. white matter volume and myelin structural integrity) and 
functional alterations that manifest at the synaptic level. In human subjects with early 
stage Alzheimer’s disease, synaptic loss has been documented in CA1 and, synapse loss 
has also been demonstrated, albeit to a lesser degree, in mild cognitive impairment 
(Scheff, Price, Schmitt, DeKosky & Mufson, 2007). In a 2011 study, Hara et al. 
 1 
 measured diminished synaptic contacts per axonal bouton in dentate gyrus of aged female 
rhesus monkeys; a change that was associated with cognitive impairment. In rodent 
models, age-related hippocampal glutamate receptor decline (e.g. NMDA and AMPA 
receptors) have been implicated in the structural changes associated with synaptic 
plasticity and can affect synapse formation, maintenance and remodeling (Luscher, 
Nicoll, Malenka & Muller, 2000; Fischer, Kaech, Wagner, Brinkhaus & Matus, 2000; 
also reviewed in Hering & Sheng, 2001). These studies of cognitive decline in human and 
non-human primates, as well as rodents reveal that subtle synaptic alterations in key brain 
areas, such as the hippocampus and prefrontal cortex, accompany impaired acquisition, 
storage, and recall of memory (reviewed in Morrison & Baxter, 2012).  
Cognitive enhancers  
The search for a therapeutic treatment of cognitive deficits stemming from 
psychiatric disorders, neurodegenerative pathology, and normal aging has fueled an 
intensive effort to improve upon the limited options currently available. These include 
amphetamine and dextroamphetamine (Adderall), methylphenidate (Ritalin), donepezil 
(Aricept), rivastigmine tartrate (Exelon), galantamine HBr (Reminyl), memantine 
(Namenda), modafinil (Provigil), levetiracetam (Keppra) and valproate (Depakote). 
While having different mechanisms of action, all been shown to improve aspects of 
learning and/or memory. The psychostimulant, modafinil ((±)-2-
(benzhydrylsulfinyl)acetamide) has traditionally been prescribed for the treatment of 
narcolepsy and sleep apnea. However, it has been shown to increase executive 
functioning and attentional performance in schizophrenia patients and improve 
 2 
 performance on tests of short-term memory span, visual memory, spatial planning, and 
stop-signal motor inhibition in those afflicted with ADHD  (Morein-Zamir, Turner & 
Sahakian, 2007; Turner, Clark, Dowson, Robbins & Sahakian, 2004). Modafinil was also 
demonstrated by the U.S. military, to improve alertness and reduce fatigue in healthy 
helicopter pilots during wartime (Caldwell, Caldwell, Crowley & Jones, 1995; Caldwell 
et al., 2009; Huck, McBride, Kendall, Grugle & Killgore, 2008). Similarly, the 
acetylcholinesterase inhibitor, donepezil ((RS)-2-[(1-benzyl-4-piperidyl)methyl]- 5,6-
dimethoxy-2,3-dihydroinden-1-one), used mainly to improve cognitive function in 
patients with AD, was tested in healthy, highly functioning individuals in a separate 
federally funded project. The results of this work involving the performance of healthy 
airline pilots in flight simulators suggest that donepezil improves their ability to retain 
their training in a complex flight test (Yesavage et al., 2002). 
Sodium valproate (sodium 2-propylpentanoate) has a wide range of targets 
including GABA transaminase, voltage-gated sodium channels, glycogen synthase kinase 
(GSK)-3, and histone deacetylases (HDACs). As such, it has been used in the treatment 
of epilepsy, and to a lesser extent in the treatment of anxiety disorder, posttraumatic 
stress disorder, migraine, anorexia, and bipolar disorder. In terms of improving cognitive 
performance, valproate was shown to exert neuroprotective effects and improve the 
spatial memory performance after being administered to rats in a model of traumatic 
brain injury (Dash et al., 2010). Most recently, levetiracetam ((S)-2-(2-oxopyrrolidin-1-
yl)butanamide), a novel anticonvulsant agent used in the treatment of epilepsy, improved 
the acquisition and memory formation in mice tested in a passive avoidance task 
 3 
 (Celikyurt et al., 2012). As briefly mentioned, some therapeutics to treat the symptoms of 
other disorders or disease states may improve cognition in healthy individuals as well as 
effectively ameliorating the cognitive decline associated with normal aging, 
neurobehavioral disorders, and neurodegenerative diseases. By identifying the underlying 
mechanisms that contribute to cognitive deficits, we can use currently available drugs and 
develop better therapeutics aimed at ameliorating such deficits. 
Need for an improved platform for target-based cognitive enhancer drug discovery 
Treatment for cognitive impairment represents an important unmet medical need, 
and developing treatments is a major area of interest in both basic neuroscience research 
and especially in the pharmaceutical industry. Currently available drugs are relatively 
unsuccessful in treating cognitive impairment. For instance, a recent study published in 
the Canadian Medical Association Journal reveals that there is no firm evidence that 
pharmacological treatments, like cholinesterase inhibitors, NMDA (N-methyl-D-
aspartate) receptor antagonists, are of any benefit for preventing or slowing the 
progression of cognitive decline that occurs with the progression of AD (Naqvi, 
Liberman, Rosenberg, Alston & Straus, 2013). The authors’ systematic review examined 
the best 32 randomized controlled trials investigating treatments for cognitive decline, 
including drug treatments, hormone therapies, nutritional supplements, physical activity 
and cognitive exercises. There was no strong evidence for cholinesterase inhibitors, 
herbal supplements (e.g. gingko), vitamins (e.g. vitamin B6) or fatty acids (e.g. omega-3 
fatty acids) for overall effect on memory in the prevention of cognitive decline in healthy 
older adults. While evidence on the benefits of physical exercise (e.g. strength training) 
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 was weak, the best value is that of mental exercises such as computerized training 
programs or intensive one-on-one personal cognitive training in memory, reasoning, or 
speed of information processing. The mental exercises reviewed were both labor and 
resource intensive, and are thus unlikely to be applicable to the average patient. 
Accordingly, the authors encourage researchers to consider easily accessible tools (e.g. 
crossword puzzles and Sudoku), which have not been rigorously studied. 
Identification of putative treatments for cognitive disorders depends on the 
availability of adequate animal models that may be utilized in identifying and validating 
molecular targets. Animal models also serve as a screening tool to evaluate therapeutics 
for their potential efficacy. Given the time and monetary costs of clinical trials, it has 
become crucial in drug discovery to maximize the potential for success through the 
development of valid animal models and their prudent use in selecting compounds for 
advancement into human studies. To develop this more sophisticated understanding of 
the pharmacology of a therapeutic, or to address molecular target validation at early 
stages of the drug discovery process, it is necessary to include assays that provide 
information that can be interpreted in the context of neurological systems and the field of 
cognition. The use of a systems-level approach that evaluates behavioral outcomes 
alongside associated changes in neural function may be superior to other less relevant 
biological readouts in that such a platform increases the likelihood of identifying a 
compound that acts at sites important for hippocampal function.  
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 Neuroanatomical organization of the hippocampal formation (HF) 
The anatomy covered in this section provides the necessary groundwork for 
understanding the electrophysiological functioning of the HF, which is a major 
component of this dissertation. The information presented herein arises from a number of 
resources that I have summarized (for comprehensive review, see The Hippocampus 
Book).  
The hippocampus has been subjected to various and sometimes confusing 
terminologies. For the purposes of this dissertation, the hippocampal formation (HF) is 
defined as the hippocampus proper (which contains the cornu ammonis fields; CA1– 3), 
the dentate gyrus (DG), and the subiculum (SUB). The HF is a bilateral and symmetrical 
structure situated caudally in the rodent brain. In each hemisphere of the brain, the HF 
forms a ram’s horn shaped structure which can be described with reference to two axes: 
(1) the septotemporal or dorsoventral axis, which curves caudoventrally from the septal 
pole at the midline towards the temporal lobe, and (2) the transverse or proximodistal 
axis, which is aligned orthogonally to the septotemporal axis and runs parallel to the 
principal cell layer, proximal-to-distal in the order DGCA3CA1SUB. Along the 
septotemporal axis, the HF can be also divided into a dorsal, an intermediate, and a 
ventral portion that each occupy approximately one third of the long axis and can be 
distinguished on the basis of anatomic and genomic markers (Dong, Swanson, Chen, 
Fanselow & Toga, 2009). All fields of the HF have a trilaminar organization and each 
field possesses a clearly defined principal cell layer containing mostly principal cell 
bodies and the occasional inhibitory interneurons. It is worth mentioning that most of the 
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 interneurons in the HF are not found within the principal cell layers, however these layers 
are not exclusively devoid of interneurons. The dense principal cell layers stain intensely 
with Nissl stain (Figure 1–1). These principal layers are situated between the more 
diffusely staining superficial and deep layers, which contain the dendrites of the principal 
cells, afferent and efferent fibers, and majority of diverse interneurons.  
 
 
Figure 1–1. A nissl stained, coronal section of rat hippocampus.  
The principal cell layers are darkly stained with thionin, with the principal cell layers of 
the DG and the CA regions indicated in large capital letters (DG, CA1, CA3). 
Anatomical delineations of the DG are indicated with small lower case letters (a: 
suprapyramidal blade of DG, b: molecular layer of DG, c: polymorphic layer of DG, d: 
infrapyramidal blade of DG, e: crest region of DG, f: hilar region or hilus, which is a 
region within the polymorphic layer of DG). The hippocampal fissure separates DG from 
CA1 and is indicated with a black dotted line labeled “fissure”. The layers of the CA 
regions are indicated (SL: stratum lucidum, SLM: stratum lacunosum-moleculare, SO: 
stratum oriens, SP: stratum pyramidale, SR: stratum radiatum). Image taken at 4X. 
 
Dentate gyrus 
The DG is comprised of 3 layers: the superficial layer is known as the molecular 
layer (ML), the principal layer as the granule cell layer (GCL), and the deep layer as the 
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 polymorphic layer (PML). The principal cell layer of the DG forms a “V” shape and three 
different regions can be distinguished: (1) the suprapyramidal blade, just below CA1 and 
from which it is separated by the hippocampal fissure, (2) the infrapyramidal blade, 
below CA3 and opposite the suprapyramidal blade, and (3) the crest region, which 
bridges the suprapyramidal and infrapyramidal blades. The supra- and infrapyramidal 
blades of the GCL are so named because these regions of the principal cell layer are 
located just above or below, respectively, some of the pyramidal cells from CA3 that 
appear to protrude into the DG (Figure 1–1). 
Cell layers, cell types, and intrinsic connections 
Granule cell layer 
In the rat brain, the principal cell type of the DG is the granule cell, which is 
elliptical in shape and approximately 10 µm wide by 18 µm in length; the granule cell 
layer is about 60 µm or 4 to 8 cells thick (Claiborne, Amaral & Cowan, 1990). The 
granule cell exhibits a unipolar cone-shaped dendritic tree that extends into the ML of the 
DG. Granule cells far outnumber the other principal cells of the HF: there are around 1.2 
million granule cells in the adult rat DG, compared to approximately eight to ten fold 
fewer principal cells in every other field of the HF  (Rapp & Gallagher, 1996; West, 
Slomianka & Gundersen, 1991). The unmyelinated axons of the DG granule cells are 
called mossy fibers and have large boutons that form synapses with GABAergic 
interneurons and the mossy cells of the PML, as well as pyramidal cells of the CA3 field  
(Acsády, Kamondi, Sík, Freund & Buzsáki, 1998). Mossy fibers terminate in the stratum 
lucidum of CA3, with granule cells from all transverse positions projecting to pyramidal 
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 cells in the full proximodistal extent of CA3  (Amaral, Scharfman & Lavenex, 2007). 
Although the forward DG to CA3 projection is dominant, there is also evidence of a weak 
back-projection from CA3 to DG  (van Strien, Cappaert & Witter, 2009). 
Molecular layer 
The molecular layer, ~250 µm thick in the rat, contains the dendrites of granule 
cells and interneurons (see Amaral, 2007 for review). These interneurons are important 
because they can directly exert substantial inhibitory control over granule cell discharge 
and also inhibit other interneurons within the layer. Information processing within 
neuronal networks is determined by the dynamic relationships between excitatory 
principal cells and local circuit inhibitory GABAergic interneurons. Collectively, 
interneurons are critical in regulating the flow of information through the hippocampus 
and in processes such as synaptic integration and spike generation, to large-scale network 
activity (including theta oscillations). Theta oscillations are fluctuations in electrical 
activity generated by groups of neurons in the brain, with a frequency range of 6 – 10 Hz 
in the awake rat. Theta rhythmicity is easily observed in the rat hippocampus, but can 
also be detected in other cortical and subcortical brain structures. 
Molecular layer perforant path-associated (MOPP) cells and axo-axonic cells are 
the two primary interneuron types found within the ML of the DG. The MOPP cells are 
deep within the ML and have triangular or multipolar somata, and possess axons with 
substantial terminal plexuses, which are generally confined to the outer two thirds of the 
ML.  The axo-axonic cells, found immediately within the ML, or sometimes superficially 
in the GCL, send their axons from the ML into the GCL. Each axo-axonic neuron 
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 synapses symmetrically and solely onto the axon initial segments of as many as 1000 
granule cells, thereby providing powerful inhibition of granule cell output (Amaral, 
2007). Interneuron cell bodies located within the ML also terminate on other 
interneurons. Other than those cell types mentioned, the dendrites of the granule, basket, 
and polymorphic cells, along with the axons and terminal axonal arbors from the EC also 
occupy the ML.  
Polymorphic layer 
The axons of granule cells are found in the PML. Santiago Ramón y Cajal was the 
first to describe the unusual large boutons of granule cell axons. He named these axons 
“mossy fibers” because the giant terminals of granule cells that occur periodically along 
the granule cell axons made them appear as if these axons were covered in moss (Ramón 
y Cajal, 1911). Electron microscopy revealed the “moss” to be complex, large terminals, 
densely packed with synaptic vesicles, which were then termed “complex spines” or 
“thorny excrescences”, so-called because of their similarity to plant thorny excrescences, 
complex protrusions that emerge from the main stem  (Blackstad & Kjaerheim, 1961; 
Laatsch & Cowan, 1966; Scharfman & Myers, 2013). 
 Similarly, cells of the hilus with thorny excrescences were named “mossy cells” 
because their appearance resembles cells covered in moss  (Amaral, 1978). The mossy 
cell, an excitatory interneuron, can be found within the PML and are relatively large at 
25–35 µm and is “stellate” in appearance due to its multipolar or triangular somata with 
three or more thick dendrites (Scharfman, 1995). The principal dendrite bifurcates once 
or twice and has a few side branches that extend into the PML, sometimes penetrating the 
 10 
 GCL but almost never entering the neighboring CA3 field in the rat. Thorny excrescences 
cover the proximal dendrites of mossy cells and are the termination sites of the granule 
cell mossy fiber axons. The glutamatergic axons of mossy cells project to the inner third 
of the molecular layer where they form asymmetric excitatory synapses with granule cell 
dendrites, thereby providing the major source of excitation to the 
associational/commissural projection to the DG.  
Hippocampal CA fields 
Cell layers and cell types  
In the CA fields, the principal cell type is the pyramidal neuron. The principal 
layer is known as the stratum pyramidale (SP) and the deep layer as stratum oriens (SO) 
(Figure 1–1). The superficial layer can be divided into a number of sublayers. In CA1 and 
CA2, the stratum radiatum (SR) and stratum lacunosum-moleculare (SLM) comprise the 
superficial layers. CA3 is similar in its laminar structure as the other fields except stratum 
lucidum (SL), a narrow cell-free zone, lies between SP and SR (Figure 1–1).  
Pyramidal cells have a bipolar dendritic arbor with apical dendrites projecting 
superficially toward the hippocampal fissure and basal dendrites extending to deeper 
layers (SO in the CA fields, PL in the SUB). The SO contains the basal dendrites of 
pyramidal neurons along with the cell bodies of inhibitory basket cells and horizontal tri-
laminar cells, so-called because their axons innervate three layers: SO, SP, and SR. Other 
than pyramidal neurons, the SP also contains cell somata of many diverse interneurons 
(reviewed in Freund & Buzsáki, 1996; Klausberger, 2009). Likewise, some of the 
interneurons that can be found in more superficial layers can also be found in the SR and 
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 SLM (reviewed in Capogna, 2011; Freund & Buzsáki, 1996).  
In the preceding Dentate gyrus section, I mentioned a few interneuronal cell types 
that begin to illustrate the diverse populations found throughout the HF. Interneurons in 
the CA regions can be grouped by a number of criteria, but for simplicity it is useful to 
consider their projections – that is, do they target the dendritic or perisomatic region of 
the principal cell? Basket cells are a population of interneurons that target the perisomatic 
region of principal cells and that possess somewhat heterogeneous afferent connections 
and axonal arborizations. There are at least two different types of basket cells: the 
pyramidal and the hilar basket cells  (Freund & Buzsáki, 1996). The pyramidal basket 
cell is located either within or close to the pyramidal cell layer and targets the somata and 
proximal dendritic regions of the pyramidal neurons. Their beaded or aspiny dendrites 
extend both superficially to the pial surface or hippocampal fissure and deep to the PL 
and receive both symmetrical and asymmetrical synapses.  
The dendritic tree of a pyramidal basket cell receives excitatory inputs that arise 
mainly from pyramidal neurons (Gulyás 1993). However, each pyramidal neuron only 
contributes one synapse to a particular basket cell, so there is a vast amount of 
convergence on each basket cell, which is activated by excitation from the EC, CA3 and 
intrinsic commissural/associational connections, as well as feedback mossy fiber inputs. 
Basket cells project onto over a thousand pyramidal cells, making two to ten connections 
with each of them; a single basket cell could have considerable inhibitory influence over 
a sizeable population of pyramidal cells (Gulyás 1993; Miles 1996).  
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 In contrast, the hilar basket cell has a dendritic tree that is largely restricted to the 
PL (hilus) and therefore is unlikely to receive any input from EC afferents. In the CA 
fields of the HF, basket cells can be distinguished by the laminar position of their somata, 
which are either in SP (or occasionally the adjacent portion of SO) or in SR (Pawelzik, 
Hughes & Thomson, 2002). Both types of basket cell have dendritic trees that extend 
throughout all layers of the HF.  
The other main type of interneuron that targets the perisomatic region of principal 
cells is the axo-axonic interneuron. The somata of axo-axonic cells are located within or 
just flanking the principal cell layer and their axonal projections innervate the axon initial 
segment of the principal cells, which allows them to affect the initiation of action 
potentials (Clark, Goldberg & Rudy, 2009). Interestingly, axo-axonic cells may actively 
discharge rather than inhibit pyramidal cells because of a depolarized reversal potential in 
the axon initial segment relative to the somatodendritic compartment  (Szabadics et al., 
2006). The dendrite-targeting interneurons account for some 92% of GABAergic input to 
the pyramidal cells of CA1 (Megías, Emri, Freund & Gulyás, 2001). There are at least 
twelve classes of dendritic-targeting interneurons that can collectively be found in every 
layer of the CA fields (reviewed in Freund & Buzsáki, 1996; Klausberger, 2009). 
Intrinsic connections 
The most unique feature of the intrinsic connectivity of the HF is the almost 
entirely unidirectional pattern of connections that link each field: 
DGCA3CA1SUB. Projections from the EC, SUB, and CA1 to the deep layers of 
the EC, along with those returned from the superficial layers of the EC to all fields of the 
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 HF form a synaptic loop. This mostly unidirectional flow of information is in contrast to 
the reciprocal connectivity typical within neocortical regions. Another distinctive feature 
of the intrinsic connectivity of the HF is the extensive bilateral recurrent connectivity of 
CA3, suggesting that auto-associational activity is also important in hippocampal 
information processing. 
CA3 associational connections and Schaffer collaterals 
CA3 pyramidal cells send divergent projections along the entire septotemporal 
extent of the HF to both the ipsi- and contralateral CA3 region. As such, any two 
pyramidal cells within the bilateral CA3 fields are linked to each other by a few synapses 
at most. Although the recurrent connectivity of the CA3 is often highlighted, weaker and 
more restricted recurrent projections are also observed in DG, CA1 and SUB (van Strien 
et al., 2009; Witter, 2006). Schaffer collaterals are those projections from CA3 to CA1, 
and these spread divergently to targets in both the ipsi- and contralateral CA1 region. 
Individual CA3 pyramidal cell axon collaterals can extend along as much as 67% of the 
septotemporal extent of CA1  (Li, Somogyi, Ylinen & Buzsáki, 1994). However, there is 
a gradient to these projections, with those arising more proximally in CA3 terminating in 
more septal and superficial levels of CA1 and those from more distal locations 
terminating in the deeper layers of temporal CA1  (Amaral et al., 2007). Inhibitory back 
projections also exist from CA1 to CA3, likely arising from inhibitory neurons in the SR 
and SO of CA1, which project to the same layers in CA3  (van Strien et al., 2009). 
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 Commissural connections 
There are a large number of intrinsic commissural fibers from the ventral 
commissure, located caudally to the septal nuclei at the rostromedial tip of the HF, which 
target the contralateral HF. There are also a smaller number of fibers that project through 
the fornix to subcortical structures on the contralateral side. Dorsal hippocampal 
commissural fibers, located bilaterally along the dorsocaudal edge of the HF and meet at 
the midline just rostral to the splenium of the corpus callosum, carry afferents and 
efferents to and from the contralateral EC and the presubiculum. 
Extrinsic connections 
Entorhinal cortex projections  
The EC is the gateway to the HF. While it is true that the fimbria/fornix is the 
primary interface between the hippocampus and subcortical structures (e.g. medial and 
lateral septum, nucleus accumbens, ventral striatum, anterior thalamus, mammillary 
nuclei), the EC provides reciprocal connections between the hippocampus and neocortex 
(Witter, Groenewegen, Lopes da Silva & Lohman, 1989). The lateral entorhinal area 
(LEA) and the medial entorhinal area (MEA) are the two principal subdivisions of the 
EC. The lateral perforant path originates from the LEA and terminates in the outer third 
of the ML of the DG, while the medial perforant path originates from the MEA and ends 
in the middle third of the ML of the DG. 
The afferents from EC layer II neurons terminate almost entirely in the DG and 
CA3/CA2, targeting the most superficial layers, the ML and SLM, respectively (Amaral 
et al., 2007), and this projection is primarily to the ipsilateral DG  (van Groen, Miettinen 
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 & Kadish, 2003).  In contrast, EC layer III afferents project primarily to CA1 and SUB. 
The axon terminals throughout the extent of the SLM layer of CA1 are bilaterally 
targeted by EC layer III neurons (Steward & Scoville, 1976). EC projections to the 
hippocampus are topographically arranged; neurons in the lateral part of both LEA and 
MEA project to dorsal hippocampus and neurons in the medial parts of EC project to 
ventral hippocampus. This topographic organization is maintained in the return 
projections to the EC and they are also preserved in the connectivity of the proximal and 
distal regions of CA1 and SUB. 
Hippocampal connections with neocortex and amygdaloid complex 
Amygdaloid input to the HF mainly arises from the basal nucleus and terminates 
mostly in the temporal portions of CA1, CA3 and SUB (Pikkarainen, Rönkkö, Savander, 
Insausti & Pitkänen, 1999; Pitkänen, Pikkarainen, Nurminen & Ylinen, 2000). The 
temporal two thirds of CA1 and the temporal third of SUB send reciprocal projections to 
the amygdala. Ventral SUB also strongly innervates the bed nucleus of the stria 
terminalis. Since the amygdala is implicated in regulating emotional reactivity, these 
anatomical connections suggest ventral HF involvement in processing affective stimuli  
(Fanselow & Dong, 2010). 
Basal forebrain, hypothalamic, and thalamic connections 
The most robust subcortical projections to the HF arise from the septal nuclei. The 
medial septal nucleus and nucleus of the diagonal band of Broca (MS/DBB) provide 
heavy cholinergic and GABAergic innervation via the fimbria, dorsal fornix, 
supracallosal stria, and a ventral route both through and around the amygdaloid complex 
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 to DG and CA3, and weaker innervation to CA1 and SUB. In turn, CA1, CA3 and SUB 
project strongly to the lateral septal nucleus (LS). The reciprocal connectivity of the HF 
to the septal nuclei reflects a central role of these subcortical structures in generating 
theta activity in the HF.  
The major source of hypothalamic input to the HF is provided by the 
supramammillary nucleus (SuM), which strongly and specifically innervates the DG, 
CA2 and SUB. This SuM is also part of the network involved in generating theta activity 
in the HF. The major output of the HF to the hypothalamus arises from the septal two 
thirds of the SUB, which terminates in the mammillary nuclei. The ventromedial nucleus 
of the hypothalamus also receives prominent innervation from the temporal third of the 
SUB. The nucleus reuniens (RE) is the largest of the midline nuclei of the thalamus and 
the major source of thalamic afferents to hippocampal and parahippocampal structures. 
Distinctive cell populations in RE give rise to separate projections to CA1 and SUB, 
providing powerful excitation. The paraventricular (PVN) and parataenial (PT) nuclei are 
the other main sources of thalamic innervation to the SUB. The SUB sends reciprocal 
connections to several thalamic targets, including RE and the PVN. 
Brainstem inputs 
The locus coeruleus (LC) innervates all fields of the HF, sending dense 
noradrenergic projections to DG and CA3. While serotonergic innervation of the HF 
from the brainstem is relatively lighter, a dense projection innervating all fields arises 
from the median raphe nucleus (MR), which is involved in regulating theta activity 
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 (discussed in the section Local field potentials). Dopaminergic afferents from the ventral 
tegmental area (VTA) terminate mainly in the SUB (Amaral et al., 2007). 
Hippocampal function in learning and memory 
Scoville & Milner’s 1957 publication on the bilateral resection of the medial 
temporal lobes to control intractable epilepsy in a single patient, H.M., was one of the 
most influential cases in cognitive neuroscience, giving insight into the neural substrates 
of memory. Although H.M.’s procedure left him with anterograde amnesia, without the 
ability to form new long-term explicit memories, he exhibited normal perceptual and 
motor functions and also retained certain types of memories (e.g. memories from well 
before the surgery, short-term or working memory, and procedural memory). Excising 
the majority of H.M.’s hippocampus effectively robbed him of a formerly intact memory 
system. 
There are two broad classes of memory: implicit (also called “non-declarative”) 
memory (Schacter, 1987), which is an unintentional memory without awareness that is 
revealed by the effects of prior experience on behavior without consciously recalling or 
even being aware of having the memory; and explicit memory, which refers to conscious 
recollection of experiences and facts (or “declarative” memory) (Cohen & Squire, 1980; 
Squire, 1992). Examples of implicit memory are: perceiving a picture or a face more 
quickly after it was seen, though the person may deny that the face or word was familiar 
(perceptual priming); learning a repeated, complex motor sequence (e.g. riding a bicycle 
or typing an e-mail without looking at the computer keys), even though the individual 
may not be aware of the sequence or that it was repeated (these are forms of procedural 
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 memory); or learning to form conditioned responses, though the individual may not be 
aware of the stimuli controlling the response (conditioning; Moscovitch, Vriezen & 
Gottstein, 1993). The hippocampus is not necessary for implicit memory, but is crucial 
for episodic memory, which is a subset of explicit memory.  
Explicit memory can be subdivided into episodic and semantic memory  (Tulving, 
1972). Episodic memory refers to memory for particular autobiographical episodes or 
specific events in the life of the individual, which includes information about both the 
content of the experience (what happened) and the spatial and temporal context in which 
it occurred (where and when it happened). Semantic memory refers to the non-contextual 
content of experience, or knowledge about the world, that contributes to the formation 
and long-term representation of concepts, categories, facts, the meanings of words, etc. 
There is ample evidence that the hippocampus is an important brain structure for the 
encoding and retrieval of episodic memory (Eichenbaum, 1997; Squire, 1992; Vargha-
Khadem et al., 1997). Episodic memory difficulties may involve deficient encoding, 
storage, or retrieval processes. At the input stage, those with deficits in episodic memory 
may encode new information less meaningfully or with less elaboration, so that memory 
traces are less distinctive, more similar to others in the memory system, and thereby more 
difficult to retrieve. Alternatively, there may be the tendency for an individual to attend to 
specific salient information while failing to take account of peripheral details, or a 
general failure to integrate contextual aspects of an experience with central content (Craik 
& Broadbent, 1983).  
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 Many of the usual everyday memory lapses reported by normally aging adults, 
like forgetting where they put their keys or glasses, likely involve poor encoding. Such 
memory failures have generally been attributed to insufficient use of effortful encoding 
strategies, which are largely dependent on prefrontal brain regions. Another possibility is 
that noticing and integrating the various aspects of an experience involve divided 
attention and require working memory. Difficulties at the level of storage or 
consolidation can also occur, both of which critically depend on medial temporal lobe 
structures, particularly the hippocampus. Consolidation is thought to involve the binding 
of various aspects of experience into a composite memory trace. What may be 
particularly critical for episodic memory and impaired in older adults is the extent to 
which an event is bound to its spatial and temporal context. 
Spatial memory  
Spatial memory has been experimentally tested using the Morris water maze since 
its conception in 1981. Its creator, Roger Morris, published his original findings utilizing 
the maze during that year – a publication cited 2004 times to date (Morris, 1981). His 
follow-up article, published three years later, has since been cited 3,844 times (Morris, 
1984). The water maze is one of the most widely used and reliable spatial navigation 
tasks in behavioral neuroscience for studying the neural mechanisms of spatial learning 
and memory. A version of the Morris water maze was used to characterize the rats used 
in Chapter III and so a brief explanation of it is appropriate. In the task, the subject 
(usually a rodent) is placed in a large cylindrical pool of opaque water (usually white) 
where it must swim to find a platform hidden just beneath the surface to escape from 
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 water. The platform location can usually be identified only using spatial memory (e.g. 
utilizing cues located in the room that houses the pool). Hippocampal lesions have been 
shown to disrupt acquisition and recall on the Morris water maze, thus demonstrating the 
involvement of the hippocampus, especially the dorsal hippocampus (Jarrard, 1978; 
Logue, Paylor & Wehner, 1997; Moser, Moser & Andersen, 1993; Broadbent, Squire & 
Clark, 2006). Results suggest that some spatial tasks can be acquired with a small 
hippocampal remnant, but as mentioned, a widely distributed hippocampal network is 
used for encoding and recall (Moser & Moser, 1998). For example, rats with 
hippocampal lesions are impaired in learning the radial arm maze (Jarrard, 1983; Olton, 
David S, Becker, James T, and Handelmann, Gail E, 1979) and the T-maze (e.g., 
Bannerman et al., 2001; Rawlins & Olton, 1982). A great deal of information continues 
to be added the body of literature on hippocampal involvement in spatial memory, 
especially since the discovery of principal cells in the rat hippocampus that fire in a 
location-specific manner during environmental exploration (O'Keefe & Dostrovsky, 
1971; O'Keefe & Nadel, 1978; Muller, 1996). The details and relevance of these cells are 
discussed in the following sections. 
In vivo electrophysiology in the rodent hippocampus 
The technique of multi-unit electrophysiological recording (Figure 1–2) offers the 
ability to measure the action potential firing characteristics of hundreds of individual 
neurons and the local field potential (LFP) – an extracellular current which arises from 
the combined activity of hippocampal cell ensembles- in the brains of freely-behaving 
animals  (Buzsáki, 2002). This methodology allows the isolation and electrophysiological 
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 characterization of many single neurons simultaneously, via the use of “tetrodes” that are 
handmade by tightly twisting together four electrodes.  
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Figure 1–2. Diagram of in vivo electrophysiology recording.  
Basic schematic diagram of recording and processing of a rat’s spatial path and 
hippocampal place cell activity. A Long-Evans rat foraging in a box enclosure with 3 
white cues on the walls is recorded over a 10-minute trial. Presented here is the bird’s eye 
view through the video camera located directly above the recording apparatus. The 
custom constructed head stage chronically implanted on the rat’s skull just above dorsal 
hippocampus sends amplified neural signals through a bundle of insulated wire cables to 
a Plexon preamplifier, which provides further amplification and band-pass filtering for 
the acquired spike and local field potential signals. Using a video camera and specific 
software, the rat’s spatial coordinates are tracked by red and green light emitting diodes 
attached to its headstage. The Multichannel Acquisition Processor (MAP) box runs a 
suite of client/server programs that temporally binds the location data with the spike data 
to allow sorting. This information is then relayed via its server to the computer, providing 
real-time data visualization (of spike, local field potential, and path data) to the researcher 
via display on the monitor (within the light gray box). In the bottom right inset (enclosed 
by the dotted blue lines), using the path data from the rat’s trajectory and the spike data 
from individual cells that were sorted offline, the spikes from each place cell can be 
associated with locations where it fires (illustrated in the path maps at the top half of the 
inset, indicated by various colors; each cell is represented by a different color in this 
case). Then, the firing rates of each place cell at every position in the recording apparatus 
are binned and plotted as pseudocolored rate maps that are scaled to the peak firing rate 
of the cell – thus illustrating the cell’s place field. Peak firing rate (in Hz) of each of the 
four sorted cells are listed below each particular rate map. 
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 Local field potentials 
The scalp EEG measures a spatiotemporally smoothed version of the LFP’s 
integrated over an area of 10  or more and because it is measured outside of the cranium, 
the signal is distorted and attenuated by the soft and hard tissues between the current 
sources and the recording electrodes. Electrical events that occur deeper than the 
superficial cortical locations that can be detected by scalp EEG, for instance in the 
hippocampus, can be explored by inserting metal or glass electrodes, or silicon probes 
into the brain to record the LFP (also known as intracranial or micro-depth EEG). The 
wide-band signal (direct current to 40 kHz) contains action potentials and other 
membrane potential-derived fluctuations in a small neuronal volume (reviewed in 
Buzsáki, Anastassiou & Koch, 2012).  
Hippocampal LFPs can be related to neural mechanisms and to the behavior of 
the rat, thus serving as a useful bridge between the two. They can be either rhythmical or 
non-rhythmical. The rhythmical activity arises from the synchronized periodic activity of 
neuronal populations and afferent inputs to the HF and can be divided into the following 
frequency bands: delta (1 – 4 Hz), theta (4 – 12 Hz), beta (12 – 30 Hz), gamma (30 – 100 
Hz) and ripple (100 – 200 Hz) (Buzsáki, Leung & Vanderwolf, 1983). The 
non-rhythmical LFP produced by the irregular activity of hippocampal neurons is 
grouped by amplitude and termed small and large amplitude irregular activity (SIA and 
LIA, respectively). Non-rhythmical activity, the delta frequency band, and ripple activity 
are generally associated with inactive or consummatory behavioral states. In contrast, the 
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 theta, beta and gamma frequency bands are associated with movement and wakeful 
behaviors. 
Theta 
Theta, or rhythmical slow activity (RSA), is characterized by a sinusoidal-like 
wave with large amplitudes of up to 2 mV, and generally ranges from 6 – 10 Hz in the 
awake rat. It appears when a rat is engaged in active motor behavior (e.g. walking or 
exploratory sniffing), when a rat is motionless but alert, and also during REM sleep. 
Theta is synchronous throughout the entire rostrocaudal extent of the hippocampus  
(Buzsáki, 1989). Theta is fairly consistent within a given layer of hippocampus but both 
the amplitude and frequency of the theta oscillation changes with interlaminar location 
(presumably due to the varying inputs and outputs associated with the laminar 
architecture), and changes with the rat’s running speed and age (Jeewajee, Lever, Burton, 
O'Keefe & Burgess, 2008; McFarland, Teitelbaum & Hedges, 1975; Sławińska & 
Kasicki, 1998; Wills, Cacucci, Burgess & O'Keefe, 2010).  
The 0.5 to 2 mV currents in the rat CA1 pyramidal cell layer result from a 
combination of intrinsic and extrinsic current sources that generate the extracellularly 
recorded theta oscillation (Buzsáki, 2002). The CA1 layer is arranged as a large cellular 
sheet in which the dendrites and axons of the principal cells are aligned, which likely 
contributes to the large extracellular field potential (Buzsáki, 2002). Theta exhibits its 
largest amplitude in the SLM of CA1 (recall that the SLM is a superficial layer within 
CA1), although it can also be recorded throughout regions in the HF and 
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 extrahippocampal regions such as EC, perirhinal cortex, cingulate cortex and amygdala  
(Buzsáki, 2002).  
The theta-wave current generated in CA1 arises mainly from a combination of PP 
input from EC, SC input from CA3, local interneuron activity and voltage-dependent 
currents in pyramidal cells (Buzsáki, 2002). There are a number of current dipoles across 
the layers of CA1, with a prominent sink and source in SLM and SP, respectively, during 
the peak of SP theta  (Brankack, Stewart & Fox, 1993; Buzsáki, 1986; Mitzdorf, 1985). 
Pyramidal cell dendrites in SLM receive EC input along the PP, suggesting that EC input 
drives the current sink.  In fact, EC lesions abolish the sink in SLM, providing support for 
this notion  (Ylinen et al., 1995). The source in SP arises from rhythmic inhibitory 
postsynaptic potentials (IPSPs) from local axo-axonic and basket cell interneurons  
(Buzsáki, 2002). Additionally, there is a smaller sink in SR corresponding to Schaffer 
collateral input from CA3  (Buzsáki, 2002). Finally, voltage-dependent oscillations have 
been observed in the somata and dendrites of pyramidal cells and these also contribute to 
theta-associated currents (Kamondi, Acsády, Wang & Buzsáki, 1998; Leung & Yim, 
1991; Strata, 1998). 
At first, interactions between the HF and the MS/DBB via their reciprocal 
connections were originally thought to play the major role in setting the frequency of the 
hippocampal theta rhythm (Green & Arduini, 1954; Petsche, Stumpf & Gogolak, 1962). 
However, later evidence suggests that intrinsic HF connections may have the potential to 
generate theta activity (Konopacki, Bland, MacIver & Roth, 1987; Bland, Colom, 
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 Konopacki & Roth, 1988; Leung & Yim, 1991; Strata, 1998; Fellous & Sejnowski, 
2000).  
More recently, Manseau and colleagues (2008) showed that hippocampal 
innervation of septal structures is important in setting the rhythmic activity of septal 
interneurons. A year later, a separate group performed information analyses on the 
activity of simultaneously recorded septal and hippocampal interneurons during theta, 
suggesting that septal interneurons set the hippocampal theta activity (Hangya, Borhegyi, 
Szilágyi, Freund & Varga, 2009). The reciprocal connections between the septal nuclei 
and the HF and a review of the evidence suggest that interactions between the two 
regions likely determine the frequency of theta oscillations in HF. 
It has become increasingly evident that theta activity is integral to hippocampal 
synaptic plasticity and information processing. The strength of pyramidal cell synapses 
mediated by potentiation or de-potentiation varies with the phase of theta oscillations. In 
vitro stimulation at theta-frequency strongly promotes long-term potentiation (LTP), a 
long-lasting increase in synaptic efficacy elicited by a brief electrical stimulation, and 
occurs optimally at the peak of the theta oscillation (Bliss & Lomo, 1973; Rose & 
Dunwiddie, 1986; Pavlides, Greenstein, Grudman & Winson, 1988; Huerta & Lisman, 
1993; Hölscher, Anwyl & Rowan, 1997). Theta phase modulates pyramidal cell firing 
and it has been shown that the phase of pyramidal cell firing encodes temporal 
information about an animal’s spatial position – a phenomenon known as “phase 
precession” (O'Keefe & Recce, 1993; Ranck, 1973). Last, a change in the frequency of 
 27 
 theta indicates information about the environment, which is further discussed in a later 
section on novelty  (Jeewajee et al., 2008). 
Ripples and large amplitude irregular activity 
Large amplitude irregular activity (LIA), characterized by large amplitude 
aperiodic sharp waves recorded within the deep layers of EC and SR of CA1, are 
generated by bursts of activity in CA3 (Buzsáki et al., 1983). “Ripples”, or high 
frequency oscillations ranging from 100 to 200 Hz in the CA1 region, often accompany 
these sharp waves and tend to occur during periods of quiet restful behavior in the awake 
rat  (O'Keefe & Nadel, 1978). Ripple events can be classified as slow (100 – 130 Hz) or 
fast (140 – 200 Hz) and arise from CA3 or CA1, respectively (Csicsvari, Hirase, Czurkó, 
Mamiya & Buzsáki, 1999). The slow ripples generated in CA3 are propagated to CA1 
through SC fibers (Csicsvari et al., 1999). Blocking sharp wave-ripple (SWR) activity 
after learning a spatial task is sufficient to impair subsequent performance  (Girardeau, 
Benchenane, Wiener, Buzsáki & Zugaro, 2009). In line with the evidence, ripples have 
been proposed to be involved in the transfer of information from the hippocampus to 
neocortex during sleep or periods of quiescence, and are likely to be important in the 
consolidation of memories (Sirota, Csicsvari, Buhl & Buzsáki, 2003; Diekelmann & 
Born, 2010).  
Place cell distribution throughout the hippocampal formation 
The experimental study of spatial representations in the brain began with the 
discovery of place cells 43 years ago by O’Keefe & Dostrovsky (1971) when they 
reported that complex-spiking neurons in the rat hippocampus had spatial receptive 
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 fields. These so-called “place” cells fired whenever the rat was in a particular place in the 
environment, the “place field” of the cell, while other place cells in the hippocampus 
fired at different locations. Individual place cells changed their representations for 
different environments so that the relationship of the firing fields differed from one 
setting to the next (O'Keefe & Conway, 1978). It was proposed that in this way, the entire 
environment was represented by the activity of the local cell population (O'Keefe, 1976; 
Wilson & McNaughton, 1993). 
Anatomically, place cells are hippocampal pyramidal cells found in the CA3 and 
CA1 fields in both rats and mice (O'Keefe & Nadel, 1978; Rotenberg, Mayford, 
Hawkins, Kandel & Muller, 1996). Although neurons with spatial firing properties are 
found in other parts of the hippocampus, here the term “place cell” refers to the principal 
cells of the CA3 and CA1. While the majority of place cell recordings have been from the 
dorsal hippocampus, they have also been identified in the ventral hippocampus (Jung, 
Wiener & McNaughton, 1994; Poucet, Thinus-Blanc & Muller, 1994). In both the DG 
and CA areas, these pyramidal neurons have spatial receptive fields, showing activity 
only when the animal traverses particular places (Jung & McNaughton, 1993; Muller, 
Kubie & Ranck, 1987; O'Keefe & Dostrovsky, 1971). Cells that exhibit spatial firing 
characteristics are also present in the medial entorhinal cortex and feed-forward 
information to place cells; these are called “grid cells” and are beyond the scope of this 
work (Hafting, Fyhn, Molden, Moser & Moser, 2005). 
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 Place cell electrophysiological properties  
Place cells are characterized by location-specific increases in action potential 
firing rate, although space is not the only factor that governs place cell activity (discussed 
later and reviewed in Eichenbaum, Dudchenko, Wood, Shapiro & Tanila, 1999). A given 
place cell is robustly active only when a rodent’s head occupies the part of the 
environment corresponding to that cell’s place field. Place cells fire with “complex 
spikes”, which are characteristic bursts of two to ten action potentials of decreasing 
amplitude and increasing duration recorded extracellularly, with short interspike intervals 
that are less than or equal to five milliseconds (Fox & Ranck, 1981; Ranck, 1973).  
The time interval of spikes fired within such a burst implies that the firing rate of 
the cell can approach 200 Hz for very short periods. However, the peak firing rate of a 
place cell is usually much lower than this and is derived in the following manner. Spatial 
distributions, or firing rate maps, are calculated by summing the total number of spikes 
that occur within a small region of an environment (a spatial “bin”, usually around 3.5 x 
3.5 cm) during a recording trial and then this value is “smoothed” with those of 
neighboring spatial bins, yielding a peak rate that can ranges 1–30 Hz.  
The mean firing rates of place cells during a recording session is calculated as the 
sum of all spikes over the entire temporal length of the recording session. Thus, place cell 
mean firing rates are relatively low (usually below 1 Hz) because when outside of the 
place field, the cell’s firing rate is negligible. In this way, the spatial distribution of firing 
rates convey information about the rat’s proximity to the center of the place field. The 
centers of place fields are rather evenly dispersed over an environment but sometimes 
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 they are more common near the walls (of an environmental enclosure or of a maze), 
especially in front of those that have prominent cues (Hetherington & Shapiro, 1997; 
Muller, Kubie & Ranck, 1987). 
Place cells and their neural code 
In the preceding sections on place cell activity, much emphasis was placed on the 
firing rate of these cells with evidence in support of the significance of discharge rate in 
conveying spatial information. To expand on that, it is useful to review the ‘neural code’ 
of place cells, which refers to the neural representation of information. Neural correlates 
of cognitive processes consist of the coordinated activity of large assemblies of widely 
distributed neurons. These features require mechanisms for the selective routing of 
signals across densely interconnected networks, the flexible and context-dependent 
binding of neuronal groups into ensembles, or functionally coherent assemblies, and the 
task and attention-dependent integration of subsystems.  
To implement these mechanisms, it is proposed that neuronal responses convey at 
least two orthogonal messages in parallel. The first is the rate code, whereby information 
is encoded in the firing frequency of neurons. The second message is the temporal code, 
which entails specific timing relationships between individual spikes of neural 
ensembles. It is further proposed that the temporal code is established either by the timing 
of external events (stimulus locking) or by internal timing mechanisms (phase locking). 
In phase locking, there is oscillatory modulation of neuronal responses, which limit the 
communication of cells within short windows of time whereby the duration of these 
windows decreases with oscillation frequency.  
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 How the probability of place cell discharge varies with the phase of the theta 
rhythm is a topic of great research interest. Recall the phenomenon of theta phase 
precession: as a rat moves through a place field, the spikes of the place cell fire at 
progressively earlier phases (by up to 360°) on subsequent cycles of the theta oscillation 
(O'Keefe & Recce, 1993; Skaggs, McNaughton, Wilson & Barnes, 1996). The 
phenomenon of theta phase precession is an example of temporal coding, as the precise 
timing of the cell’s firing relative to the theta rhythm provides information about whether 
the rat is moving into or out of the cell’s place field. It is also worth mentioning that the 
phase of the spike firing relative to the theta oscillation has also been shown to occur 
during non-spatial behaviors (e.g. time since entry into the field or instantaneous firing 
rate), however theta phase precession is better correlated with the rat’s location in a field  
(Harris et al., 2002; Huxter, Burgess & O'Keefe, 2003). Place cells exhibit orthogonalized 
patterns of activity and these messages (the rate and temporal codes) can be dissociated, 
thereby providing dual means for encoding position that work collectively to accurately 
reflect the animal’s position in a given environment (Huxter et al., 2003). Utilizing theta 
phase information along with the firing rate can improve the estimation of the rat’s 
position by over 40% (Jensen & Lisman, 2000). 
Similarities and differences between place cells in the CA3 and CA1 subfields 
Pyramidal cells are more numerous in the CA1 subfield, numbering 
approximately 390,000 compared to approximately 250,000 in CA3 (Rapp & Gallagher, 
1996). While the electrophysiological properties of CA3 and CA1 place cells were 
previously shown to be nearly identical (Markus et al., 1995; Muller et al., 1987), 
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 Mizuseki and colleagues (2012) recently compared and contrasted the two cell groups. In 
this study, the CA3 and CA1 peak firing rates and within-field firing rates were similar 
and the majority of both CA1 and CA3 neurons had single place fields in an open field, 
and the fraction of neurons with place fields in an open field was comparable. In terms of 
differences between the cell groups however, the authors found that place fields of CA3 
cells were more compact, more stable and carried more spatial information per spike than 
did those in CA1. The overall firing rates of CA1 cells were higher than those in the CA3 
field and a larger fraction of CA1 than CA3 neurons had definable place fields by peak 
rate criterion alone. Additionally, mean place field size was significantly larger for CA1 
cells and these neurons were significantly less stable compared to CA3 cells. It is also 
worth mentioning that CA1 pyramidal cell bursting showed significantly stronger theta 
period modulation than CA3 pyramidal cells. 
Distal and proximal cues influence place cell firing 
Within an environment, distal cues (e.g. large visual stimuli on the walls or 
curtains of the recording chamber) and proximal cues (e.g. large multi-sensory stimuli on 
the walls of the environment that is located within the recording chamber) can separately 
influence place cell firing (Gothard, Skaggs, Moore & McNaughton, 1996). The 
relationship between proximal or distal cues and the environmental configuration used 
influences place cell activity. Early on, Muller and Kubie (1987) established that rotation 
of a cue card attached to the wall of an environment consequently induces rotation of the 
firing fields. Similarly, a single object or groups of objects placed within the environment 
have been shown to “anchor” firing fields under some circumstances (Cressant, Muller & 
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 Poucet, 1997; 1999; Gothard et al., 1996; Save, Paz-Villagran, Alexinsky & Poucet, 
2005; Save, Poucet & Thinus-Blanc, 1998). In other words, the firing field of a particular 
cell is anchored to, or controlled by, an object or group of objects rather than something 
stationary about the environment, like a cue card affixed to a wall. The place field moves 
with respect to an object or group of objects because it/they effectively become the cue.   
To better disentangle the influence of cues on place cell activity, researchers have 
employed the double rotation method, which consists of rotating separate sets of cues in 
opposite directions (Shapiro, Tanila & Eichenbaum, 1997). Such a double rotation results 
in a sort of competition between the two sets of cues, and examining the responses of 
individual place cells makes it possible to measure the influences of the respective cues. 
Likewise, removing or interchanging one or more salient proximal or distal cues that 
were previously provided during training reveals that a place cell may respond either to 
individual proximal or distal cues, or to the relationships between them (Shapiro et al., 
1997). Cressant et al. (1997) rotated the distal cues while maintaining the location of the 
proximal cues and found that the place fields rotated in tandem. In contrast, when only 
the proximal cues were rotated, place fields remained in a fixed location. 
 A decade later, Renaudineau and colleagues (2007) similarly investigated the 
interaction between proximal objects and distal cues in relation to hippocampal place cell 
activity. The authors measured cell responses to cue manipulations resulting from either 
discordant (rotation of proximal and distal cues in opposite directions) or incomplete 
information (removal of one set of cues). They found that the majority of place cells 
anchored their firing fields by relying a combined set of proximal objects and distal cues, 
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 whereas a smaller subset of place cells relied on a selective cue set, with proximal objects 
having more influence on field formation than distal cues (Renaudineau et al., 2007). 
Taken together, this suggests that the determinants of place fields are flexible, and vary as 
a function of complex contextual influences from one or more spatially relevant cues. 
Non-spatial determinants of place cell firing 
Previous studies have shown that place cells preserve their spatial firing despite 
removal of some sensory cues, perhaps by combining information from several 
modalities (Nakazawa et al., 2002; O'Keefe & Conway, 1978; Quirk, Muller & Kubie, 
1990). Interestingly, even when all visual cues are removed by recording in complete 
darkness, place cells retain their firing fields (O'Keefe, 1976). Other than location, the 
animal’s running speed (Huxter et al., 2003; Geisler, Robbe, Zugaro, Sirota & Buzsáki, 
2007), time (Wiener, Paul & Eichenbaum, 1989), odor (Wiebe & Stäubli, 1999; Wood, 
Dudchenko & Eichenbaum, 1999), and goal-related information (Hok et al., 2007) can 
influence place cell firing (also reviewed in Eichenbaum et al., 1999). 
Place cell stability 
In a given environment, each cell has a stable place field characteristic of that cell. 
The firing fields of place cells are stable across recording sessions separated by minutes, 
hours, weeks, or months – even if the rodent spends the majority of its time between 
sessions in its cage or some time in different recording environments (Muller et al., 1987; 
Thompson & Best, 1990). This long-term stability is thought to be possible because 
previously formed representations are retrieved rather than re-created each time the rat 
returns to a familiar environment. If recordings take place in multiple environments over 
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 extended periods of time, the fields will maintain their stability in each, which provides 
evidence that many representations can be stored without interference (Muller & Kubie, 
1987; Thompson & Best, 1989). This may also facilitate subsequent recall of one or the 
other of the spatial representations even when small differences in sensory input occur  
(Wills, Lever, Cacucci, Burgess & O'Keefe, 2005). 
Place cell response to novelty and changes in environment 
Place cell discharge rapidly develops when a novel environment is explored and 
becomes familiar. Taking advantage of this property, the data in this dissertation have 
been collected using a “remapping paradigm” in which the rat is familiarized to a single 
environment in a particular location that is subsequently replaced unexpectedly by a 
novel environment and set of cues in the same location. This paradigm has previously 
been demonstrated to induce reliable changes in hippocampal theta and single unit 
activity (Jeewajee et al., 2008; Lever et al., 2010). In this section, I describe these 
findings and other relevant results from the literature regarding the effects of 
environmental novelty on place cell activity. 
Place cell remapping: Changes in environment affect place cell activity 
In 1987, Muller and Kubie familiarized rats to a cylindrical environment until the 
animals established stable spatial representations and then replaced the environment with 
a cylinder that was twice as large. Place cell activity in the larger cylinder changed 
dramatically from that in the smaller cylinder in about half the cells. Some cells had place 
fields in completely different locations and some of the cells fired in one of the cylinders 
but not the other. In short, there was a sudden shift in place cell field locations even 
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 though the environment was in the same position in the room and only the size of the 
environment was changed. Likewise, introducing the rats to a rectangular-shaped 
environment after familiarizing them to the cylinder caused the firing activity of all the 
cells to change unpredictably. This remapping effect could vary in extent, such that in the 
case of the larger cylinder there was a “partial remapping” of the place cell population, 
and in the rectangle there was a “global remapping”.  
It has been suggested that partial remapping may reflect subsets of place cells that 
are fixed to different frames of reference (Skaggs & McNaughton, 1998). In partial 
remapping, some place cells retain the same field location recorded within the original 
environment, whereas others either unpredictably change their place field locations or 
become silent (Muller & Kubie, 1987). O’Keefe and Conway (1978) were the first to 
demonstrate the existence of “silent” cells in their report stating that many of the place 
cells with fields in one environment do not have place fields in other test environments. 
By comparing the sample population of cells recorded in three environments to an 
estimate of the “total population” of cells recorded during slow wave sleep or under 
anesthesia (higher proportions of cells exhibit activity), Thompson and Best reported that 
just over a third of pyramidal cells were active in at least one of the three environments  
(Thompson & Best, 1989). Later, Wilson and McNaughton (1993) recorded large place 
cell ensembles in different environments and estimated that 30-70% of the cell population 
has a place field in each environment. Thus, the balance between these active and silent 
cells may be important for the efficient encoding of information, maximizing the number 
of environments that can be represented by the hippocampal place cell population 
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 (Barnes, McNaughton, Mizumori, Leonard & Lin, 1990; Muller, 1996). Global 
remapping (also called “complete remapping”) involves a rapid shift in place field 
locations, the silencing of a subset of place cells in one or other of the environments, and 
a change in the firing rates of the recorded cells (Muller & Kubie, 1987; Leutgeb, 
Leutgeb, Treves, Moser & Moser, 2004). 
In addition to changes in the location of their place fields, place cells can alter 
their firing rates in response to environmental change, and they may do so even while 
retaining their firing field location. This type of remapping, which occurs with the 
maintenance of firing field location, is a type of partial remapping termed “rate 
remapping” (Leutgeb et al., 2005). Rate remapping can be induced by changing the 
colors of the walls of an environment while keeping distal cues constant (Leutgeb et al., 
2005). In contrast, simultaneous changes in multiple aspects of an environment (e.g. wall 
color and texture, environmental shape and associated odors) often elicit global 
remapping (Fyhn, Hafting, Treves, Moser & Moser, 2007; Wills et al., 2005). Thus, the 
degrees of the change in an environment, along with the animal’s previous experience, 
are critical factors in the type and extent of remapping observed.  
To better understand this, researchers have used “morph box” experiments, in 
which animals are exposed to a mixed sequence of cylinder, box and intermediate 
environments, thus allowing assessment of the dynamics of representation plasticity.  In 
the first such study, by Lever et al. (2002), animals with no prior training in two 
environments differing only in shape, exhibited representations that diverged over time. 
Individual cells changed firing rates and their place fields developed incrementally over 
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 the course of weeks or months. Instead of rapid shifts in place field locations, the 
majority of new fields emerged as place cells progressively reduced spiking in one 
location and increased it in a novel environment.  
In a subsequent study by Leutgeb and colleagues (2005), the authors similarly 
observed progressive transformations of CA1 and CA3 neuron place fields when they 
used either an ordered or mixed sequence of box, cylinder and intermediate morph box 
shapes. Partial remapping was observed in CA1 following initial training and the authors 
found greater similarity in CA3 place fields elicited by the different environments, 
suggesting poor discrimination between them. After the initial training phase, rats were 
then exposed to a series of trials with a gradual morphing of the box to the cylinder 
environment, resulting in progressive changes in the place fields.  
In the same year, a study by Wills et al. (2005) showed conflicting results. Here, 
the authors trained rats to discriminate between cylinder and box environments that 
differed in wall color, wall texture, and environmental odor. During the initial training 
phase, rats exhibited distinct remapping in the box and cylinder enclosures prior to the 
morph box manipulations. In fact, within a few trials, CA1 place cells formed distinct 
representations for each of these environments that could be transferred to a “morph box” 
configured as a box or cylinder. They found a rapid shift in the location of all the place 
fields that occurred halfway between the cylinder and box environments, suggesting that 
the use of one or other of the representations was mediated by “all-or-none” or “attractor” 
dynamics. 
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 The training regimen of the animals was different in the Wills et al. (2005) study 
than in the other morph box experiments mentioned (Leutgeb et al., 2005; Lever, Wills, 
Cacucci, Burgess & O'Keefe, 2002), and the authors changed more than simply the shape 
of the environment. In the study performed by Leutgeb et al. (2005), the initial failure to 
distinctly remap the box and cylinder representations could be why there was no rapid 
change in representation during the subsequent mixed sequence. The contrasting results 
between these studies illustrate the importance of contextual differences and also reveal 
the essential relationship between the animal’s previous experience and the observed 
remapping dynamics. 
In summary, place cells exhibit a certain plasticity manifested as “pattern 
separation”, or a substantial reorganization of the collective firing pattern ("remapping"), 
induced when hippocampal network inputs exceed a certain difference threshold  
(Bostock, Muller & Kubie, 1991; Lever, Wills, Cacucci, Burgess & O'Keefe, 2002; 
Markus, Barnes, McNaughton, Gladden & Skaggs, 1994; Muller et al., 1987; Quirk, 
Muller & Kubie, 1990; Wills, Lever, Cacucci, Burgess & O'Keefe, 2005). At the 
population level, these coding properties allow for the creation of a network of synaptic 
connections with varying strengths that can effectively differentiate experiences via 
pattern separation (remapping in a novel environment; encoding of a memory) and 
pattern completion (returning to the original preferred configuration of activity; retrieval 
of a memory; see Rolls, 2013 for review).  
Place cell and interneuron activity elicited by novelty 
Nitz and McNaughton (2004) examined the moment-to-moment changes in firing 
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 activity of interneurons and principal cells recorded from CA1 and the DG as a rat ran 
back and forth between the novel and familiar areas of an environment. In this paradigm, 
the rat was familiarized to one part of an environment and then allowed to explore a 
novel part by removing a partition in the existing familiar environment or by extending 
the familiar environment with a novel segment. They found that introduction of novelty 
reduced CA1 interneuron firing rates but increased that of DG interneurons. Meanwhile, 
the principal cells of each region exhibited the opposite effect – the rates of CA1 place 
cells increased while DG granule firing frequency reduced in the novel portion of the 
environment. Taken together, these findings suggest that remapping may be facilitated in 
response to environmental novelty by both the disinhibition of CA1 place cells and the 
enhancement of DG inhibition that could help prevent interference from retrieved 
representations (Wilson & McNaughton, 1993;  Frank, Stanley & Brown, 2004). 
Anatomical substrates for remapping 
Remapping involves orthogonalized patterns of activity in the HF that contribute 
to representations of environments – the degree of which differs between the subfields. 
Rate changes in CA1 can be rather moderate, but in CA3 and DG rates may vary over an 
order of magnitude  (Leutgeb, Leutgeb, Moser & Moser, 2007; Leutgeb et al., 2005).  
CA3 
CA3 pyramidal cells rapidly change their firing in response to environmental 
changes (e.g. modifications of familiar environments and exposure to novel 
environments), making this subregion an ideal substrate for quickly learning 
environment–specific features (Lee, Rao & Knierim, 2004; Leutgeb, Leutgeb, Treves, 
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 Moser & Moser, 2004; Vazdarjanova & Guzowski, 2004). Leutgeb et al. (2004) used 3 
environments that varied in size and shape, within 2 rooms to measure changes in CA1 
and CA3 cell responses and found that changing the room elicited partial remapping in 
CA1 and complete remapping in CA3. In contrast, when they changed the environment 
within the room, the firing patterns in CA1 re-organized while those in CA3 remained 
largely unchanged. Similarly, Lee et al. (2004) found that CA3 cells displayed greater 
coherence in response to environmental manipulations relative to CA1 cells. Thus, it was 
proposed that the recurrent network of connectivity in CA3 may support pattern 
completion, whereby differing inputs are reconciled into a stable “attractor” state (Marr, 
1971; Wills et al., 2005; Leutgeb et al., 2007). 
Dentate gyrus 
Complementary to pattern completion in CA3, the DG is thought to drive the 
process of “pattern separation” (Marr, 1971; Leutgeb & Moser, 2007). Leutgeb et al.  
(2007) recorded DG granule cells and CA3 place cells of rats in a morph box experiment 
in which the shape of the environment was gradually changed from a cylinder to a box or 
vice versa. DG cells had multiple firing fields that varied independently in rate through 
the gradual environmental transformation. DG cell populations can support unique spatial 
representations that allow discrimination even between very similar environments, which 
supports the idea that the DG is involved in pattern separation. 
CA1 
In contrast to the abrupt all-or-none response of CA3 cells, CA1 pyramidal cells 
respond more gradually to graded changes in the environment (Leutgeb et al., 2004; 
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 Vazdarjanova & Guzowski, 2004). The information from DG pattern separation and CA3 
pattern completion processes is conveyed to CA1 through the CA3 field via SC fibers, 
thus influencing the activity of CA1 place cells. CA1 cells also receive strong input from 
layer III of the EC. As such, CA1 place cells combine the coherent and orthogonalized 
CA3 input with more variable sensory and contextual–related information carried by 
entorhinal afferents.  
Novelty affects theta frequency 
Environmental novelty is signaled by a reduction in hippocampal theta frequency, 
as demonstrated by Jeewajee et al., (2008). In this study, rats were repeatedly run in a 
single environment for five days, which was accompanied by gradual increases in theta 
frequency as the environment became more familiar to the animals. Over the next three 
days, the novel environment trials were mixed together with the familiar environment 
trials. Relative to the familiar environment, a large decrease in the theta frequency was 
observed during the first exposure to the novel environments. The magnitude of the theta 
frequency decrease was reduced with successive exposures, could not be accounted for 
by differences in behavior or running speed, and was similar to what was observed with 
the familiar environment during the first five days. Two years later, a separate study 
demonstrated that environmental novelty shifted theta cycle to a later phase in the CA1 
field of HF, an effect that was absent in SUB (Lever et al., 2010). Cholinergic input to the 
HF from the MS/DBB is known to be elevated during the first exposure to a novel 
environment, and it is possible that reductions in theta frequency may be driven via this 
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 mechanism (Giovannini et al., 2001; Givens & Olton, 1995; Jeewajee et al., 2008; Thiel, 
Huston & Schwarting, 1998). 
Age-related changes in hippocampal circuitry and place cell firing characteristics  
In aging, the hippocampus shows preserved numbers of neurons (Rapp & 
Gallagher, 1996); this is good news from a treatment standpoint, because it should be 
more straightforward to regulate the activity of a population of neurons in order to restore 
their function, relative to regenerating neurons that have been lost. Notably, animal 
models have been key in identifying neural mechanisms of “normal” cognitive aging, 
because they do not develop neurodegenerative conditions such as AD that plague 
humans. These models, while imperfect, provide insight into the biological substrates of 
age-related cognitive decline in humans. 
Normal aging is associated with impairment of spatial learning (Barnes, 1979; 
Gallagher, Burwell & Burchinal, 1993), which has been attributed to deficient encoding 
of information by hippocampal neurons. Spatial encoding by place cells is altered in aged 
rats in a number of experimental settings  (Rosenzweig & Barnes, 2003), and these 
abnormalities correlate with the degree of spatial learning impairment (Wilson et al., 
2003). Recent experiments have identified unique characteristics of information encoding 
by CA1 and CA3 cells, suggesting a basis for distinct contributions of each hippocampal 
subregion to spatial memory (Guzowski, Knierim & Moser, 2004). Despite mounting 
evidence that consistently stresses regional specificity of changes within the 
hippocampus, affecting synaptic connections, physiology, and plasticity (Barnes, 1994; 
Rapp, Stack & Gallagher, 1999; Smith, Adams, Gallagher, Morrison & Rapp, 2000), 
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 little is known about possible differences in the effects of aging on place cell firing 
patterns in the different CA subfields.   
As described in the previously, evidence has implicated the CA3 subregion of 
hippocampus in the rapid encoding of new information (Lee et al., 2004; Leutgeb et al., 
2004; Nakazawa et al., 2003). It is within this subregion that age-related changes in 
information processing are particularly evident. Meta-analyses showed that CA1 and 
CA3 place cells of adult and aged rats differentially encode highly familiar versus novel 
environments (Tanila, Shapiro, Gallagher & Eichenbaum, 1997; Wilson, Gallagher, 
Eichenbaum & Tanila, 2006; Wilson et al., 2004; , 2005), and more specifically, place 
cells of aged rats fail to rapidly encode new information (Tanila et al., 1997; Wilson et 
al., 2004; , 2003). 
A model of information processing in the aged hippocampus has been proposed 
(Figure 1–3), attributing age-related memory impairments to failures by the aged 
hippocampal system to encode new contexts with sufficient distinction from pre-existing 
memories (Wilson et al., 2006).  
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Figure 1–3. A neurobiological model of the aged hippocampus.   
Age-related deteriorations in functional connectivity are represented by dotted lines, 
whereas pathways shown with solid arrows remain intact (or have not yet been 
evaluated). Due to age-associated changes, the DG and CA1 are less excitable (depicted 
with blue dotted lines). These changes are hypothesized to increase the activity of CA3 
pyramidal neurons and their recurrent collaterals (auto-associative fibers, thickest gray 
arrow). CA1: cornu ammonis field 1, CA3: cornu ammonis field 3, DG: dentate gyrus, 
int: interneuron (red dotted lines), mf: mossy fiber pathway, MS: medial septum, pp: 
perforant pathway, sc: Schaffer collaterals, Sub: subiculum, VTA: ventral tegmental area 
[Source: Adapted from Wilson, Gallagher, Eichenbaum & Tanila, 2006] 
 
The model stresses the importance of a disruption in multiple neurotransmitter 
systems in the functional circuitry of the hippocampus that underlies these age-related 
deficits in spatial memory, of which reductions in cholinergic and GABAergic 
modulation seem to be particularly implicated. According to this model of aged-related 
changes in hippocampal circuitry, 1) perforant path fibers originating from the entorhinal 
cortex provide less input to both the DG and CA3, and 2) CA3 recurrent collaterals are 
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 hyperactive. As a result of these and other changes not mentioned here (see Wilson et al., 
2006), CA3 neurons are hyperactive while CA1 neurons are hypoactive and less able to 
respond to stimuli. These changes encourage maintenance of an existing representation 
(Hasselmo, Schnell & Barkai, 1995) in aged animals in a way that biases the aged CA3 
subregion towards maintenance of the original representation, a characteristic 
exemplified by a rigidity of CA3 place cell firing in response to change (Wilson et al., 
2005). 
Overview of a systems pharmacology approach to identifying putative cognitive 
enhancer targets in spatial learning and memory  
At the start, I reviewed the unmet medical need for better-tolerated and more 
effective treatment strategies for cognitive dysfunction. I then suggested that a platform 
could be useful in identifying and evaluating putative cognitive enhancers by coupling 
behavioral assays with measurement of neurological function in an animal model. 
Accordingly, one of the aims of my dissertation research was to develop a platform that 
combines in vivo electrophysiological techniques with molecular methods for use in 
elucidating the role of different learning and memory targets at various levels within 
neurons, at the cell surface, and within ensembles of neurons.  
In the next few sections, I describe the chosen targets and provide relevant 
background information on their common thread: that is, how they may be important for 
learning and memory.  
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 GABAergic neurotransmission, α5-GABAA receptor distribution, and α5-GABAA 
receptor function in learning and memory 
GABAA receptor structure, function, and pharmacology 
γ-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the 
mammalian brain.  receptors are transmembrane proteins formed by a pentameric 
arrangement of subunits  (primarily consisting of two α, two β, and a γ or δ subunit; (Burt 
& Kamatchi, 1991; Sarto-Jackson & Sieghart, 2008; Ernst, Brauchart, Boresch & 
Sieghart, 2003) surrounding an intrinsic -/Cl- anion channel (Figure 1–4).  receptor 
activation increases chloride conductance, typically stabilizing membrane potential at 
subthreshold (hyperpolarized) voltages, thereby reducing action potential firing. 
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Figure 1–4.  Schematic illustration of the  receptor.  
The  receptor is comprised of 5 transmembrane subunits, and the most common assembly 
is shown here (2 α, 2 β, and 1 γ subunit). To activate the receptor, two GABA ligands 
(represented by the pink spheres) must bind at the α/β interface. Once activated in the 
developed CNS, chloride anions flow into the cell and hyperpolarize the membrane to 
cause inhibition of action potentials. Drugs that bind at the benzodiazapine (BZD) 
binding site located at the α/γ interface while GABA ligands are bound to the receptor 
can allosterically modulate receptor activity. [Source: Adapted from Belelli & Lambert, 
2005]. 
 
Several mammalian gene products exist for each of the subunits (α1 – 6, β1 – 3, 
γ1 – 3, δ, ε, θ, π, and ρ1 – 3), giving rise to a large number of receptor variants that differ 
in their affinity for GABA and allosteric modulators, activation rate, desensitization rate, 
channel conductance, and location on the cell (reviewed in Korpi, Gründer & Lüddens, 
2002). Receptors that contain the γ2 subunit can be both synaptic and extrasynaptic, 
whereas those containing the δ subunit tend to be perisynaptic, or located around the edge 
of synapses  (Wei, Zhang, Peng, Houser & Mody, 2003).  
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 The structure of the receptor is of particular interest because it contains a variety 
of binding sites for pharmaceutically significant compounds that interact allosterically 
with the GABA agonist sites or the receptor channel. These include but are not limited to 
barbiturates, neurosteroids, volatile anaesthetics, ethanol, propofol and benzodiazapines 
(reviewed in Johnston, 1996; Farrant, 2007; D'Hulst, Atack & Kooy, 2009). Many 
compounds in clinical use for their anxiolytic, sedative, hypnotic, or anti-convulsant 
properties are effective because they increase  receptor activation through the allosteric 
benzodiazepine (BZD) binding site, which is located at the interface of the α and γ 
subunits. Ligands that enhance GABAergic neurotransmission via binding at the BZD 
site have been termed  receptor positive allosteric modulators (or BZD site agonists), 
whereas those that reduce receptor activation are called negative allosteric modulators (or 
“inverse agonists”). Ligands that bind to the receptor without modulating its function 
have been termed BZD site “antagonists” (Haefely, 1989). Although compounds acting at 
the BZD site are traditionally known as agonists, antagonists or inverse agonists, strictly 
speaking they should be described as positive-, neutral- or negative allosteric modulators, 
respectively. 
The importance of different α subunit subtypes has been elucidated by the 
generation of transgenic mice lacking the normal diazepam sensitivity of the α1, α2, α3, 
or α5 subunit (α4 and α6 are diazepam insensitive) (reviewed in Rudolph & Möhler, 
2004). Results suggest that α1 mediates the sedative effects and α2/α3 mediate the 
anxiolytic effects of positive allosteric modulators (Löw et al., 2000; McKernan et al., 
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 2000; Möhler, 2006; Rudolph et al., 1999) while α5 mediates aspects of learning and 
memory  (Cheng et al., 2006; Crestani et al., 2002).  
Distribution of GABAA receptors in dentate granule cells and hippocampal pyramidal 
cells  
The main  receptor subtypes that are critical for hippocampal function are those 
containing α1βγ2, α2βγ2, α3βγ2, α4βγ2, α5βγ2, and α4βδ. Rat dentate granule cells 
have been shown to express a range of subunit mRNAs, including α1-5, β1-3, and γ1-3  
(Brooks-Kayal et al., 2001; Persohn, Malherbe & Richards, 1992; Wisden, Laurie, 
Monyer & Seeburg, 1992). Immunocytochemical studies reveal a dendritic location of 
α2, α4, α5, β1, β3, and δ protein on granule cells, due to their dense distribution in the 
ML  (Peng et al., 2002; Pirker, Schwarzer, Wieselthaler, Sieghart & Sperk, 2000; Sur, 
Fresu, Howell, McKernan & Atack, 1999). About 25% of the total number of inhibitory 
GABAergic terminals synapsing onto granule cells occurs on the cell body or axon initial 
segments, with the remaining 75% terminating on dendrites within the ML. 
In 1970, Curtis, Felix, and McLellan blocked the large ubiquitous inhibitory post-
synaptic potentials in all of the principal cell layers of the hippocampus by bicuculline 
methochloride, thus revealing that they were all mediated by  receptors . In fact, a typical 
rat CA1 pyramidal cell is covered with GABAergic synapses, with the highest density on 
the perisomatic region (Megías et al., 2001). The trunk of the apical dendrite has a 
relatively higher density of GABAergic terminals compared to the rest of the dendrite, 
isolating the dendritic compartment from the rest of the soma. Inhibition on more distal 
dendrites controls calcium-mediated action potential propagation.  -mediated IPSCs can 
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 be generated along the entire somatodendritic domain and on the axonal initial segment 
on CA1 pyramidal cells (Papp, Leinekugel, Henze, Lee & Buzsáki, 2001; Maccaferri, 
Roberts, Szucs, Cottingham & Somogyi, 2000). The axon initial segment of CA1 rat 
pyramidal neuron has over 25 GABAergic terminals per 50 microns, thus mediating the 
general level of pyramidal cell output activity.  
The α5 subunit containing GABAA receptor (α5GABAAR)  
The α5 subunits typically assemble with β3 and γ2 subunits (Sur, Quirk, Dewar, 
Atack & McKernan, 1998). Receptors that incorporate α5 subunits show a unique 
distribution in the brain. They are highly expressed in pyramidal cells of the hippocampus 
(to a lesser degree in dentate granule cells), moderately in granule and periglomerular 
cells of the olfactory bulb, and at low levels within layer 5 pyramidal cells of the cerebral 
cortex and other brain areas such as the hypothalamus, amygdala, superior colliculus, 
superior olivary nucleus, spinal trigeminal nucleus, and in the spinal cord (Figure 1–5).  
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Figure 1–5. α5 receptor subunit distribution in the rat brain. 
Light microscopic images of α5 receptor subunit distribution in the rat brain using 
immunocytochemistry. A: Whole brain; B: Olfactory bulb; C: Hippocampus; D: CA3 
region of the hippocampus; E: CA1 region of the hippocampus; F: Stratum oriens of the 
CA1 region of the hippocampus; G: dentate gyrus. Note the strong immunoreaction in the 
CA1 region of the hippocampus, dentate gyrus and olfactory bulb and the absence of 
immunoreactivity in the cerebellum. Abbreviations are CC cerebral cortex; CE 
cerebellum; EP external plexiform layer; GL glomerular layer; GR granule cell layer; IC 
inferior colliculus; ML molecular layer; OB olfactory bulb; SC superior colliculus; SMC 
secondary motor cortex; SO stratum oriens; SP stratum pyramidale; SR stratum radiatum; 
TH thalamus; VO ventral orbital cortex. Scale bar = 1.5 mm (A); 250 µm (B and C); 50 
µm (D and E); 25 µm (F and G). [Source: Taken from Serwanski et al., 2006] 
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 As mentioned, α  protein and mRNA are highly expressed in hippocampus 
relative to other neural circuits in both rodent and human brain  (Pirker, Schwarzer, 
Wieselthaler, Sieghart & Sperk, 2000; Sur, Fresu, Howell, McKernan & Atack, 1999; Sur 
et al., 1998; Wainwright, Sirinathsinghji & Oliver, 2000). In fact, α  comprise close to 
25% of all  within the hippocampus  (Pirker et al., 2000; Sur, Quirk, Dewar, Atack & 
McKernan, 1998), where they mediate tonic inhibition of hippocampal pyramidal 
neurons (Caraiscos et al., 2004; Glykys & Mody, 2006; Scimemi, Semyanov, Sperk, 
Kullmann & Walker, 2005; Semyanov, Walker, Kullmann & Silver, 2004).  
 Evidence suggests that the majority (some 75%) of α  are located at extrasynaptic 
sites, supporting the notion that they mediate a non-synaptic form of tonic inhibition 
observed in pyramidal cells when extracellular GABA concentrations are elevated  
(Caraiscos et al., 2004; Prenosil et al., 2006; Scimemi et al., 2005), thus controlling 
hippocampal network excitability (Glykys & Mody, 2006; Houser & Esclapez, 2003; 
Scimemi et al., 2005). In α  deficient mice, a selective reduction of tonic inhibition was 
shown in both CA1 and CA3 pyramidal neurons without any alteration in phasic 
inhibition (Glykys & Mody, 2006). Furthermore, this selective decrease in tonic 
inhibition resulted in hyperexcitability in the CA3 pyramidal layer, which may be 
expected due to prominent levels of the receptor’s mRNA located in this subregion of 
hippocampus (Haberman, Lee, Colantuoni, Koh & Gallagher, 2008; Koh, Rosenzweig-
Lipson & Gallagher, 2012). While the majority of α  are extrasynaptically located, 
Serwanski et al. (2006) showed that they are also found at synapses on the dendrites of 
hippocampal pyramidal cells, where they may contribute to synaptic inhibition. In 
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 support, researchers measured a reduction in IPSC amplitude on CA1 pyramidal cells in 
hippocampal slices of α5 null mice (Collinson et al., 2002). Genetically altered, 
α5(H105R) point-mutated mice were characterized as having a reduction of α  within the 
dendrites of pyramidal CA1 and CA3 pyramidal cells, and showed enhanced performance 
in trace fear conditioning, a hippocampus-dependent associative learning task  (Crestani 
et al., 2002). In these mice, performance on delay conditioning and contextual fear 
conditioning tasks, which both require hippocampus-independent learning, were 
unchanged. Eight years later, researchers found that the reduction in α5 subunits in these 
mice disrupted the memory for locations of objects  (Prut et al., 2010). Mice completely 
lacking the α5 subunit also exhibited improved spatial memory performance in the 
hippocampus-dependent Morris water maze, while contextual fear conditioning was 
unaltered  (Collinson et al., 2002). However, the α5-associated reductions in tonic 
inhibition were insufficient to affect the induction of hippocampal LTP unless particular 
stimulation conditions were applied  (Collinson et al., 2002; Crestani et al., 2002; Martin 
et al., 2010).  
Pharmacology of the α5GABAAR  
The cognitive enhancements exhibited by mice with reductions in the α5 subunit 
have also been reproduced in wild-type animals by pharmacologic means. L-655,708 
(11,12,13,13a-Tetrahydro-7-methoxy-9-oxo-9H-imidazo[1,5-a]pyrrolo[2,1-
c][1,4]benzodiaz-epine-1-carboxylic acid, ethyl ester), an α5-preferring partial negative 
modulator, was developed by Merck in 1996 and was one of the first drugs in this class 
(Figure 1–6). L-655,708 enhanced performance in the Morris water maze without pro-
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 convulsant side effects, facilitated LTP in mouse hippocampal slices, and reduced tonic 
inhibition  (Glykys, Mann & Mody, 2008; Navarro, Burón & Martin-López, 2002). 
However, the drug could not be used in humans due to its anxiogenic side effects, likely 
mediated by its off-target effects at α2/α3 containing receptors. In 2003, Merck 
synthesized and characterized TB21007 (6,7-Dihydro-3-[(2-hydroxyethyl)thio-]-6,6-
dimethyl-1-(2-thiazolyl)-benzo[c]thiophen-4(-5H)-one), another α5-preferring negative 
modulator. Rats showed improved performance in the Morris water maze after receiving 
the drug, without convulsant or pro-convulsant side effects (Chambers et al., 2003). One 
year later, Merck created the α5-preferring partial negative modulator α5IA (3-(5-
Methylisoxazol-3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyl-oxy]-1,2,4-triazolo[3,4-
a]phthalazine). The drug enhanced encoding and recall memory in the Morris water maze 
without the anxiogenic side effects that were problematic with L-655,708 (Chambers et 
al., 2004; Dawson et al., 2006). In healthy human subjects, α5IA administration reduced 
ethanol-induced amnesia (Nutt, Besson, Wilson, Dawson & Lingford-Hughes, 2007). 
However, renal toxicity prevented the compound from advancing to Phase II 
(experimental medicine studies of effects on cognition in healthy normal volunteers) in 
clinical trials. Merck later went on to develop MRK-016 (3-(1,1-Dimethylethyl)-7-(5-
methyl-3--isoxazolyl)-2-[(1-methyl-1H-1,2,4-triazol-5-yl)me-thoxy]-pyrazolo[1,5-
d][1,2,4]triazine), another α5-preferring negative modulator that had greater intrinsic 
efficacy relative to that of α5IA but again, development was halted – this time even 
earlier in Phase I development than α5IA (in the single and multiple ascending dose 
safety and tolerability studies), for poor tolerance in elderly populations (Atack, 2011). In 
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 summary, while such α5-preferring negative allosteric modulators with positive results at 
enhancing cognition hold the promise of novel treatments for disorders associated with 
learning and memory deficits, their further clinical development has thus far been 
stymied by significant anxiogenic or proconvulsive side effects or poor tolerance.
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       Figure 1–6. Structures of  α5-preferring compounds 
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 Table 1–1. Binding affinity & intrinsic efficacy of  α5-preferring compounds  
  α5 α1 α2 α3 α4 α6 
Affinity ( , nM)  
using Ro 15-4513       
L-655,708 1.0 ± 0.2 70 ± 9 48 ± 5 31 ± 5   
TB21007 1.6 ± 0.4 20 ± 2 16 ± 2 20 ± 1   
α5IA 0.7 ± 0.1 0.9 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 60 ± 7 418 ± 72 
MRK-016 1.4 ± 0.4 0.8 ± 0.1 0.9 ± 0.2 0.8 ± 0.1 400 ± 170 4100 ± 900 
Intrinsic Efficacy 
(% modulation of 
α5- )       
L-655,708 -17 ±  -18 ±  -23 ±  -11 ±    
TB21007 -38 ±  
-51 ±  -21 ±  -1 ±  -3 ±     
α5IA -40 ±  
- 
-18 ±  
- 13 ±   
-7 ±  
-    
MRK-016 - -  -   
ab Values for % modulation are the maximum effects of compound on the current produced by an -equivalent 
concentration of GABA with negative and positive values representing an attenuation or potentiation, respectively; 
data from human  or mammalian fibroblast L(tk-)  expressing  receptors containing β3, γ2, and the indicated α 
subunits 
c Data reviewed in Atack et al., 2011 
[Data summarized from: L655708  (Atack et al., 2006), TB20117  (Chambers et al., 2003), α5IA  (Atack et al., 
2011; Dawson et al., 2006), MRK-016  (Atack et al., 2011; , 2009)]  
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Table 1–2. Pharmacokinetic parameters of α5-preferring compounds in the rat 
L655708 data follows 3 mg/kg (i.v.) and 4 mg/kg (po) (Atack et al., 2006). 
No published data are available for TB21007. 
α5IA data follows 0.87 mg/kg (i.v.) and 1 mg/kg (po) (Atack, 2010). 
MRK-016 data follows 1 mg/kg (i.v. and po) (Atack et al., 2009).
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 Protein distribution of the transcription factor Egr3 and its role in learning and memory 
The transcription factor, early growth response factor 3 (Egr3) is part of a family 
of immediate early genes that share highly conserved zinc-finger binding domains and is 
regulated by the mitogen activated protein kinase-extracellular regulated kinase (MAPK-
ERK; Beckmann & Wilce, 1997). Calcium cation influx through glutamate receptors 
activates the MAPK-ERK signaling cascade, which is essential for NMDA-dependent 
induction of LTP in CA1 and DG. As MAPK-ERK effector molecules, Egr proteins may 
regulate target gene expression required for long-term structural and physiologic synaptic 
changes associated with learning and memory. Consistent with this view, Li and 
colleagues (Li et al., 2007) have shown that Egr3-deficient mice exhibit abnormal LTP at 
the SC-CA1 synapse following both theta burst and high frequency stimulation, 
impairments in context and cued-associated learning and memory, and profoundly 
impaired short-term and long-term object recognition memory. Thus, Egr3 has an 
essential role in learning and memory presumably by regulating effector target genes 
(such as GABRA4 and Arc) required for hippocampal network excitability and ultimately 
memory acquisition, consolidation, and retrieval  (Li et al., 2007; Roberts et al., 2005). 
The creation of viral constructs that knock down expression of Egr3 in DG granule cells 
initiated by Russek and colleagues enabled a unique opportunity for collaboration 
between the Farb and Russek laboratories and this partnership facilitated the progression 
of our novel platform (see Chapter V). 
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 Adult neurogenesis in the dentate gyrus and its role in learning and memory 
New neurons may be added to several neural regions in the normal adult brain, 
including the subgranular zone of the hippocampus, the subventricular zone of the lateral 
ventricles (and rostral migratory stream), and the olfactory epithelium. Neural progenitor 
cells in the hippocampus are located in the SGZ at the border between the GCL and hilus 
of the DG (reviewed in Eriksson et al., 1998; Gage, Kempermann, Palmer, Peterson & 
Ray, 1998). Some of the daughter cells produced by division of those precursor cells 
differentiate into neurons and develop the prominent dendritic arbor that characterizes 
dentate granule neurons as they move into the GCL. Adult-born neurons send their axons 
to the stratum lucidum of area CA3, which is the primary target of dentate granule 
neurons, about one week after their final mitosis, are integrated into the hippocampal 
circuitry, and are electrophysiologically comparable to earlier born granule neurons 
within several weeks (reviewed in Deng, Aimone & Gage, 2010).  
Increasing the quantity of adult newborn granule cells, by physical activity or 
environmental enrichment for instance, is associated with enhancements in cognitive 
performance. On the other hand, aging has been shown to impair neurogenesis (Gould et 
al., 1999; Kempermann, Kuhn & Gage, 1997; Montaron et al., 2006; van Praag, Shubert, 
Zhao & Gage, 2005). The relationship between hippocampal neurogenesis and behavior 
has been examined by a number of different methods in rodents to block adult 
neurogenesis, including anti-mitotic agents, brain irradiation, and genetic reduction of 
dividing progenitors throughout the adult brain (e.g., Santarelli et al., 2003; Saxe et al., 
2006; Shors et al., 2001; Winocur, Wojtowicz, Sekeres, Snyder & Wang, 2006). Results 
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 have been variable, likely due to the method used to manipulate neurogenesis, the 
timeframe in which assessments were made, and the tasks of cognitive performance 
employed.  
Adult neurogenesis is important for spatial memory and is regulated by Wnt 
signaling. Specifically, work from the Gage laboratory has demonstrated that Wnt3 
overexpression in adult hippocampal progenitor cells increases adult hippocampal 
neurogenesis and that blocking Wnt signaling in vivo nearly extinguishes it (Lie et al., 
2005). Further, by using a lentivirus that drives expression of a dominant negative form 
of Wnt (LV-dnWnt) to inhibit the generation of adult newborn granule cells, they were 
able to directly link reductions in adult hippocampal neurogenesis to deficits in spatial 
memory (Jessberger et al., 2009).  
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 II. MATERIALS & METHODS 
All methods for the research presented in subsequent chapters are included here. 
A wide range of techniques was employed in this research, some of which are repetitious 
between chapters. Dedicating Chapter II to the materials and methods offers the most 
concise format to include this information. For this purpose, it may be useful to continue 
to Chapter III, referring here for details or clarification.  
Electrode construction  
Each tetrode was comprised of 4 nichrome wires (12.5 mm diameter; California 
Fine Wire, Grover Beach, CA) gold plated to lower the impedance to 200 kΩ at 1 kHz. 
Tetrodes were formed by twisting the wires together and were then strengthened using 
heat and super glue. Up to 24 tetrodes were threaded through a 27-gauge stainless steel 
cannula (~14 mm), and each wire was attached to one pin of an electrode interface board 
(EIB; Plexon Inc., Dallas, TX). The EIB and custom-made connector were embedded in 
an acrylic base and formed part of a microdrive assembly. Custom-made microdrives 
allowed each tetrode of the electrode array to be individually and independently advanced 
in the dorsoventral plane of hippocampus. 
Subjects 
 Male Long-Evans rats were used for most studies, with the exception of the work 
outlined in Chapter V utilizing LV-dnWnt, in which male Sprague-Dawley rats were 
utilized. The strain and information regarding the animals used for each experiment is 
stated in the appropriate chapters that follow. Regardless, all animals were allowed to 
acclimate for one week following shipment. After this time, rats were mildly food 
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 deprived to 85% of their free-feeding weight for the remainder of the experiment to 
increase food seeking and ambulation during testing. All testing occurred during the light 
phase of a 12hr/12hr light/dark cycle. Water was freely available when rats were not 
being tested. All experimental procedures were conducted in accordance with guidelines 
set forth by the National Institutes of Health, and the Boston University Medical Campus 
Institutional Care and Use of Animals Committee approved all experimental protocols. 
Stereotaxic surgical procedures 
In preparation for surgery, we used the volatile anesthetic inhalant, isoflurane 
(3.5% for induction and 2% for maintenance) delivered in 100% oxygen to anesthetize 
each rat. Once sedated, we shaved the animal’s head and administered buprenorphine 
(0.05 mg/kg, SC) for analgesia, and glycopyrrolate (0.02 mg/kg, SC) to reduce salivary 
and bronchial secretions and prevent vagal bradycardia during the procedure. Then, we 
gently placed the rat’s head in a stereotaxic instrument (David Kopf Instruments, 
Tujunga, CA) and fixed the skull into the frame using non-puncturing ear bars, being 
careful to spare the eardrums from unnecessary trauma. After securing the skull, we made 
a midline incision along the saggital suture, and ensured that the skull was level by 
keeping bregma and lambda within 0.1 mm of each other in the dorsoventral plane.  
Microdrive implantation 
First, we drilled two holes directly over the cerebellum, which were used for 
electrical grounds. Then we drilled eight additional holes and placed shorter, self-tapping 
supportive skull screws within each, which were necessary to secure the head stage to the 
skull. Finally, we performed the craniotomy by drilling a ~3 mm diameter burr for the 
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 placement of the electrode array. After carefully removing the dura mater over the right 
hemisphere of the rat’s dorsal hippocampus (3.6 mm posterior and 2.6 mm lateral to 
bregma), we implanted our custom-built 24 tetrode microdrive.  
We used Kwik-Sil silicone adhesive (Word Precision Instruments, Shanghai, 
China) to form a barrier between the edge of the base of the microdrive and the hole, and 
applied two layers of dental acrylic to seal over the screws and encase the base of the 
headstage. After the acrylic hardened, we closed and then advanced each individual 
tetrode ~850 μm into the cortex. We maintained post-operative analgesia with another 
dose of buprenorphine (0.05 mg/kg, sc) and paired that with the anti-
inflammatory/analgesic compound, carprofen (2.5 mg/kg, intramuscular). As a 
prophylactic action to attenuate post-operative infection risk, we gave each rat cherry 
flavored cephalexin (60 mg/kg, per oral) for 7 days. 
Place cell recording and data acquisition 
Neural Data Acquisition  
 After five days of post-operative recovery, tetrodes were gradually lowered over a 
period of ~14 to 21 days toward the CA1 and CA3 pyramidal cell layers. A combination 
of turn counts, the progressive increase in theta amplitude, the appearance of sharp-wave 
ripple events, theta-modulated spiking, and complex-cell spiking were utilized to localize 
CA1 and CA3 (Fox & Ranck, 1981;Buzsáki, Leung & Vanderwolf, 1983). During daily 
screening, if no pyramidal cell activity was identified, the tetrode was advanced 40 to 80 
μm and allowed to settle for one hour before being advanced again if necessary. This 
process was repeated until the tetrodes were positioned in either the CA1 or CA3 
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 subregion of the hippocampus. All recordings used a Multi-Channel Acquisition 
Processor connected to a PC running RASPUTIN 2.6 (Plexon Inc.). Rats were connected 
to the preamplifiers with lightweight cables routed through a commutator (Plexon Inc.) 
that permitted tangle-free movement throughout the environment. The recorded signal 
from the tetrodes was referenced to a common skull screw (for EEGs) or an indifferent 
tetrode left in the corpus callosum (for spikes), and differentially filtered for single unit 
activity (154 Hz to 8.8 kHz) and EEG (0.77 to 400 Hz). The spike signals were amplified 
2000-7000x and digitized at 40 kHz, while EEG signals were amplified 1,000X and 
digitized at 1 kHz. Two LED’s on the headstage tracked the rat’s position (VLSI 32; 20X 
gain; Plexon Inc.), which sampled x-y coordinate information in the environment at a rate 
of 30 frames/second (Cineplex, Plexon Inc.).  
Spike Sorting 
Action potentials from single neurons were isolated using Offline Sorter™ 
version 2.8.8 (Plexon Inc.). We used conventional methods to identify putative pyramidal 
neurons and distinguish them from interneurons based on firing rates and waveform 
widths (Csicsvari et al., 1999). Individual pyramidal neurons were isolated by visualizing 
various combinations of waveform features (e.g. valley, energy, peak-valley, principal 
components, timestamps) that were extracted from the wires making up a single tetrode. 
Single-neuron selectivity was verified by inspecting the interspike interval histograms to 
ensure there were no successive spikes within a two millisecond refractory period. 
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Behavioral tasks for spatial learning and memory 
Remapping paradigm 
A 60  black plywood box enclosure (square), without a top or bottom, was 
established to be a highly familiar environment to the rats. The familiar environment used 
in Chapter III and the work presented in the Appendix were the same (with three distinct 
two-dimensional white paper cues attached to three walls) whereas the familiar 
environment used for Chapter IV was the same black plywood box except instead of the 
three paper cues, we used seven strips of yellow duct tape (4 cm in width) running 
vertically and evenly spaced (with 4 cm of the black wall in between each strip) across an 
entire wall.  
During the tetrode advancement stage (lasting several weeks), rats were exposed 
daily to this environment. Since all enclosures lacked a top and bottom, they were placed 
on a black plywood base that formed a floor upon which the rats explored the 
environment. The mildly food-deprived rats were allowed to explore this environment 
daily for two weeks prior to testing. Chocolate sprinkles or crushed pieces of Froot 
Loops® were distributed on the base of the enclosure to promote continuous exploration 
of the entire environment during each trial.  During testing, this now familiar 
environment (square) was alternated with one of two novel environments: A 60 cm 
(height and diameter) grey aluminum cylindrical enclosure (cylinder) with a single white 
cue card extending the height of the apparatus and occupying 90° of arc (Experiment 1), 
or a 60  black plywood hexagonal prism (hexagon), which also had three white two-
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 dimensional cues attached to the interior walls (Experiment 2). One day separated 
Experiment 1 and Experiment 2. Each enclosure was placed on the same black wooden 
base, which was cleaned thoroughly between familiar-novel exposures with a 30% 
ethanol solution to minimize the influence of olfactory cues. After cleaning, food was 
again distributed about the base. During cleaning, the rat was placed in a holding 
container (30 cm x 30 cm x 45 cm), which was spun to mildly disorient the animals prior 
to re-entry (Tanila et al., 1997; Wilson et al., 2005). 
 Each experimental session consisted of four 10-min exploration periods where the 
animal was exposed to a series of 4 environmental trials in the following order: Familiar 
– X – X – Familiar. The “X” represents a novel environment in Chapters III and IV, or 
the Familiar environment rotated 180° in the work presented in the Appendix (see 
respective chapters for details). Three-minute intervals separated each environmental 
exposure, during which time the experimenter cleaned the black base and switched the 
enclosures. Rats were provided an opportunity to drink water in between environmental 
exposures, immediately prior to being placed back in a given environment.  
Location novelty recognition task 
Objects used for the location novelty recognition task were evaluated for object 
interaction effects, whereby we individually tested each object to ensure that rats spent a 
similar amount of time interacting with each. Objects included green plastic bottles of 
bubbles, ceramic dolls, and ceramic salt and pepper shakers – all of which were emptied, 
thoroughly cleaned, and filled with lead pellets to anchor them in place during trials. Rats 
were habituated before familiarization training within the same familiar enclosure that 
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 was used in the α5IA remapping experiments (Chapter IV). Rats were placed in the 
center of the apparatus with two identical objects in the center of two of the quadrants of 
the environment for ten minutes. After the familiarization training phase, rats were 
removed from the apparatus for a 120 min delay. Thereafter, one object was moved to a 
different quadrant and rats were allowed to explore the environment for ten minutes. 
After another three hour delay, drug was administered to rats and the same paradigm was 
employed, except different objects were used and in different locations. Sessions were 
recorded and later analyzed. All locations for the objects were counterbalanced. After 
each trial, the experimental apparatus and the objects were cleaned with 30% ethanol to 
remove olfactory cues.  
Histology 
Transcardial perfusion 
Rats were deeply anesthetized with sodium pentobarbital. For immunofluorescence 
assays, rats were transcardially perfused with 0.9% NaCl followed by 4% 
paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4). Brains were fixed for an 
additional 24 h in 4% PFA and then transferred into 20% sucrose, then 30% sucrose (in 
1X PBS) for cryoprotection. For tetrode location verification, rats were transcardially 
perfused with 200 mL saline, followed by 250 mL 10% buffered formalin that also 
contained 10 mL glacial acetic acid and 10 g potassium ferrocyanide. We extracted the 
brains and cryoprotected them as we did for the tissues used in the immunofluorescence 
assays.   
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 Tissue sectioning and slide mounting 
For immunofluorescence assays, we sectioned brains at 20 μm on a cryostat. For 
histological verification of tetrode placements, we sectioned brains at 50 μm on a cryostat 
or vibratome. We then float-mounted the sections onto gelatin-subbed slides by hand in a 
standard 1X PBS solution (pH = 7.6). 
Immunofluorescent detection 
Immunofluorescence was performed as previously described (Jessberger & 
Kempermann, 2003). We stained every section using a combination of antibodies 
(depending on experimental manipulation) against Dcx (1:250, Santa Cruz 
Biotechnologies, Santa Cruz, CA), GFP (1:500, Sigma), or Egr3 (1:200, Santa Cruz 
Biotechnologies). All sections were also stained with 49,6-diamidino-2-phenylindol 
(DAPI, 1:5000, Sigma). Dcx-positive cells were observed, but not counted, throughout 
the rostrocaudal extent of the granule cell layer (GCL) of the dentate gyrus in both 
hemispheres and captured at 4X, 10X, and 20X using an inverted microscope (Eclipse 
E800; Nikon). Cells were not quantified as this viral construct was validated and used for 
publication by the Gage laboratory. 
Tetrode placement verification  
Prior to transcardial perfusion, we marked tetrode locations by passing anodal 
current (30 μA, 5 s) through them at the end of the study while the animal was 
anaesthetized under 3% isofluorane. Following transcardial perfusion, brains were 
inspected for evidence of lesions and tumors. Tetrode tip locations were confirmed by 
Prussian blue reaction using the same histological procedures described in this section. 
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 Low power photomicrographs were taken and matched against the Rat Brain Atlas for 
location identification (Paxinos & Watson, 2006). 
Data analyses 
Place cell and place field analyses 
A series of custom MATLAB scripts (Mathworks, Natick, MA) were used for all 
non-statistical analyses after spikes were sorted into clusters of individual unit activity. 
We focused our analyses on pyramidal neurons of the CA3 and CA1 subregions. Only 
cells with clear amplitude differences between the four wires of the tetrode, complex 
spikes, and negative spike duration of more than 300 μs were included for further 
analysis. Occupancy-normalized spatial firing rate maps were estimated using the total 
number of spikes that occurred at a given location divided by the total amount of time 
that was spent in the 3.5  “bin”. The rat had to visit the bin at least once during the 
recording session for at least 150 ms for the bin to be considered valid for inclusion. We 
calculated a smoothed value for each bin as the mean for that bin, and all bins within five 
centimeters, where each bin is weighted by its distance from the central bin using a two-
dimensional Gaussian kernel (Komorowski et al., 2013). We defined place fields as six 
adjacent bins with firing rates above 0.25 Hz, and place cells as those pyramidal cells 
meeting the following criteria in one of the two environments: A place field with ≥ 100 
spikes, a mean firing rate ≥ 0.1 Hz and peak firing rate ≥ 0.5 Hz. 
 To investigate differences in place cell characteristics across environments, age 
groups, and treatments, we utilized measures that assess both mean and peak firing rates, 
and the spatial selectivity of place cell firing. To compare firing rates, we calculated: 1) 
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 mean firing rate, 2) peak firing rate, and 3) the extent to which the change in environment 
was reflected by a change in firing rates (Wilson et al., 2005). This measure of firing rate 
change compares the raw change in firing rates across environments (accounting for 
direction) and the magnitude of change in firing rates (independent of direction) across 
environments. The raw change in firing rates was calculated as:  
Raw Firing Rate Change =  
 
Where  and  are the overall mean firing rates in the familiar and novel environments, 
respectively. The magnitude of firing rate change was calculated as the absolute value of 
the raw firing rate change:  
Magnitude of Raw Firing Rate Change =  
 
The peak firing rate change and magnitude of the peak firing rate change were similarly 
calculated, using peak instead of mean firing rates (Wilson et al., 2005). To compare the 
spatial selectivity of place cell firing, we calculated: 1) spatial information content, 2) 
place field area, and 3) spatial correlations comparing the smoothed firing rate maps 
between familiar and novel environments. The spatial information content (Skaggs, 
McNaughton, Gothard & Markus, 1993) provides a measure of how much information 
about the animal’s position is conveyed by a single spike emitted from a given place cell. 
Spatial information content is expressed in bits/spike, and was calculated as follows: 
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 Spatial Information Content =  
 
where i = 1,…, n is the bin number,  is the probability of occupancy at bin i,  is the mean 
firing rate for bin i, and FR is the overall mean firing rate of the cell.  
Place field area was calculated as the sum of all bins within each environment in 
which the firing rate of the cell was ≥ 20% of the cell’s peak firing rate (Hollup, Molden, 
Donnett, Moser & Moser, 2001). In the case of multiple fields, the area was taken as the 
sum of all bins meeting the inclusion criteria within each subfield.  
We quantified how environmental novelty and drug administration change spatial 
representations by examining the similarity of place fields under each experimental 
condition using the bin-by-bin cross-correlation of the place maps of the familiar and 
novel environments. To calculate the spatial correlations, place field maps in the novel 
environments were first transformed to match the size of the square enclosure that served 
as the familiar environment using previously published methods (Lever et al., 2002). The 
correlation was then taken as the bin-to-bin Pearson correlation between the averaged, 
Gaussian-smoothed rate maps.  
Video scoring for the location novelty recognition task 
Exploration of the objects was timed and quantified using Cineplex Markup® 
(Plexon Inc.); with exploration defined as rats sniffing, whisking, or looking at the 
objects from a distance of  ≤ 2 cm. The time spent exploring the object in new (displaced) 
and old (familiar) locations was quantified during the first 2 min of exploration. In order 
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 to quantify performance (of recall, as there was a 2 hr delay between probe and test), a 
location index was calculated as previously described by Murai et al.  (2007):  
Location Index =  
 
where  is the time spent exploring the displaced object and  is the time spent exploring 
the non-displaced object. 
Electroporation 
Primary cortical cells derived from embryonic rat brain at E18 were collected. The cell 
pellet was re-suspended in P3 buffer (as recommended by Lonza for neurons) at a 
concentration of 5 x  cells per 20 μl. 20 μl of cell suspension was transferred to a new 
tube and combined with 3 μg plasmid DNA per reaction, composing up to 15% of the 
reaction mixture volume (3 μl of 1 mg/ml DNA per 20 μl cell suspension). The DNA/cell 
mixture was then transferred to the reaction cuvette. Electroporation was carried out 
using the Lonza system (Amaxa Nucleofector II device, Allendale, NJ), and the cells 
were allowed to sit at room temperature for 10 min following the reaction. Warm serum-
free complete medium was added, and the cells were gently distributed equally into a 
poly-L-lysinated 6-well plate, with a cell density of  cells/well in 2 ml medium. Three 
hours after electroporation, the medium was replaced with 2 ml warm serum-free basal 
medium per well. 
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 Transient transfection of HEK293T cells via calcium phosphate co-precipitation  
Human embryonic kidney cells (HEK293T, American Type Culture Collection, 
Rockville, MD) were cultured in untreated 6-wells (35 ) dishes (Thermo Fisher 
Scientific) in Dulbecco’s modified Eagle’s medium (D-MEM) (Invitrogen, Carlsbad, 
CA) supplemented with 10% fetal bovine serum (Invitrogen) and 1% MEM Non-
Essential Amino Acids Solution (Invitrogen). Cells from the exponential growth phase 
were seeded (1 ×  cells/ml) the day before the transfection was done. The cells were 
transiently co-transfected with the Gabra5-targeting experimental construct (expression 
plasmid containing α5 microRNA generating oligonucleotide, pcDNA6.2-GW/EmGFP-
miR) and rat α5  receptor subunit cDNA (1.57 kbp in a 5.5 kb pRc/CMV plasmid) as the 
HEK293T cells do not endogenously express this subunit.  
One hour before the precipitate was added, the conditioned medium was replaced 
with fresh medium (pH 7.4). For each ml of medium, 100 µl of precipitate was added. To 
make the precipitate, a solution of 100 µl of 2.5 M  and the desired amount of plasmid 
DNA (3-5 µg) was diluted with 1/10 TE buffer (1 mM Tris-HCl, 0.1 mM EDTA, pH 7.6) 
to a final volume of 400 µl. One volume of this 2X calcium-DNA solution was added 
quickly to an equal volume of 2X HEPES solution: 140 mM NaCl, 1.5 mM , 50 mM 
HEPES, pH 7.0 at room temperature. The two solutions were mixed briefly, and added to 
the cell culture medium after 30 min of incubation in the dark at room temperature. With 
a calcium concentration of 125 mM in the precipitation mixture, the resulting final 
concentration of calcium in the cell culture medium was ∼12.5 mM. The cells were 
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 exposed to the precipitate for 2-6 h at 37 °C at a pH of 7.3–7.6. Cells were incubated for 
24 to 48 hours following transfection at 37 °C and 5% .  
Protein detection in whole tissue and tissue cultures via SDS-PAGE 
The cells were collected in 5 ml of ice-cold PBS as described above and 
centrifuged at 500 g for 5 min. The pellet was homogenized in ice-cold RIPA lysis buffer 
supplemented with protease inhibitor cocktail and containing 25 mM HEPES pH 7.5, 0.3 
N NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100, 0.1 mM sodium 
metavanadate, 1 mM PMSF, 0.83 mM 1,4-dithiothreitol (DTT) and incubated on a rotator 
shaker for 20 min at 4°C. The lysates were centrifuged at 27,000 g for 20 min, and the 
supernatants were diluted to a protein concentration of 30 µg/ml in denaturing sample 
buffer. Boiling for 5 min then denatured the lysates.  
20 µg total cell extracts were loaded on a 10% SDS-PAGE minigel (Invitrogen) 
and separated by electrophoresis at 120 V for 1.5 hrs, and then transferred to a 0.45 µm 
nitrocellulose membrane. The blots were blocked for 2 h with 5% non-fat dry milk in 20 
mM of Tris buffered saline (TBS) containing 0.1% Tween-20. The blots were incubated 
with rabbit polyclonal primary anti-α  (1:2,000, Phosphosolutions, Aurora, CO) in 1% 
non-fat dry milk overnight at 4°C. Proteins were detected by incubating with an HRP-
conjugated goat anti-rabbit IgG (1:30,000, Invitrogen) for 1 hr at room temperature. The 
blots were stripped and re-probed with mouse monoclonal primary anti-GFP (1:5000, 
Sigma, St. Louis, MO) in TBS with 5% BSA for 45 min at room temperature. Proteins 
were detected by incubating with an HRP-conjugated rabbit polyclonal antibody to 
mouse IgG (1:30,000, Invitrogen) for 1 hr at room temperature. Signals were normalized 
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 to GFP to control for the amount of variability in loading and transfectional efficiency. 
To produce negative controls, the reaction mixture was incubated without the specific 
primary antibody.  
α5 antibody validation 
To measure changes in α5 protein levels using western blot, brain tissue from an 
adult male Long-Evans rat was harvested and hippocampus and cortex were 
microdissected, and the fresh tissues were homogenized on ice and in the presence of 
protease inhibitors. The protein concentration of each sample was measured via Bradford 
assay. Hippocampal and cortical samples were diluted to escalating concentrations and 
then loaded in alternating wells of a 10% tris-glycine gel. Standard western blot was 
performed (as described in the previous section) using the following primary antibodies 
in separate experiments: G9294 (Sigma, St. Louis, MO – discontinued), SAB2100878 
(Sigma), ab10098 (Abcam, Cambridge, MA), and 846-GA5C (Phosphosolutions, Aurora, 
CO). 
Real-Time PCR 
Total RNA was extracted from cells with the RNeasy midi kit (Qiagen, 
Germantown, MD). Primers (Oligos Etc, Wilsonville, OR) and TaqMan probes (Applied 
Biosystems, Carlsbad, CA) were designed to amplify segments of the rat α5-  receptor 
subunit cDNA. Rat cyclophilin RNA probe and primers were purchased from Applied 
Biosystems. Quantitative one-step real-time PCR was performed with an ABI Prism 
Applied Biosystems 7900HT Sequence Detection System using a One Step RT-PCR kit 
(Invitrogen). Reactions were performed in duplicate in a total volume of 50 µl containing 
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 20-2000 ng of total RNA, One Step PCR MasterMix (Invitrogen), 250 nM Gabra5 probe, 
900 nM Gabra5 primers (forward primer 5’-CCC TCC TTG TCT TCT TCT GTA TTT 
CC-3’; reverse primer 3’-TGA TGT TGT CAT TGG TCT CGT CT-5’), 200 nM 
cyclophilin probe and 50 nM cyclophilin primers. Experimental samples were collected 
on different dates and were run in triplicate. Each of the samples was run at 55.6 ng/µl (or 
278 ng per 5 µl) and diluted to 20% (55.6 ng per 5 µl instead of the standard 30 ng per 5 
µl) for cyclophilin amplification. A calibration curve was achieved using 2000, 600, 200, 
60, & 20 ng of RNA. All calibration curve samples were run in duplicate to account for 
pipetting errors. Reaction aliquots of 20 µl were loaded in a 384-well plate. Incubation 
conditions were 50 ºC for 30 min, 95 ºC for 10 min followed by 50 cycles of 95 ºC for 15 
s, and 60 ºC for 1 min. 
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 III. LEVETIRACITAM & SODIUM VALPROATE AFFECTS PLACE CELL 
ACTIVITY IN YOUNG ADULT & AGED RATS  
Abstract. 
 Impairments in hippocampal information processing have been identified as a 
contributing factor in the memory deficits associated with normal aging. Insufficient 
hippocampal pattern separation, or the creation of distinct representations for separate but 
overlapping experiences, has been postulated to be a feature. This age-related impairment 
in pattern separation occurs across species and data suggests that it may be due to 
hyperactivity within the CA3 region. To evaluate this hypothesis, we recorded 
simultaneously from CA3 and CA1 place cells in young and aged rats as they explored 
familiar and novel environments. Here, we report that aged CA3 place cells exhibit 
higher firing rates, larger place fields, reduced spatial information content, and a reduced 
differentiation of novel from familiar environments whereas the spatial firing 
characteristics of place cells in young and aged CA1 are largely similar across 
environments. Previous work shows that sub-threshold doses of the antiepileptic drugs 
sodium valproate and levetiracetam improves memory performance in aged, spatial 
memory impaired rats. We asked whether the same dosing regimen of acute, systemic co-
administration of 50 mg/kg VPA and 2.5 mg/kg LEV would reduce the aging-related 
CA3 hyperactivity and improve the spatial firing properties of place cells. We are the first 
to report that this pharmacological intervention reduced firing rates, decreased place field 
size, and increased the spatial selectivity of aged CA3 place cells. Our results suggest that 
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 treatments aimed at reducing CA3 hyperactivity may be a useful strategy for identifying 
therapeutic agents that improve cognition in aging and perhaps in other disorders. 
Introduction. 
Upon exposure to a novel environment, place cells in adult rats respond by 
changing their firing frequency and/or place field location – a phenomenon known as 
remapping. However, place cells of aged rats that exhibit poor performance on the water 
maze, termed aged, spatial memory impaired (ASMI) rats, fail to do so, thereby 
displaying an uncharacteristic rigidity in their spatial representations between a novel and 
familiar environment. The CA3 subregion has a role in rapidly encoding new spatial 
information and firing rates of CA3 (but not CA1) place cells in ASMI rats are 
abnormally high compared to that of young adult rats, and they fail to change firing rate 
between environments, perhaps underlying this failure to reliably encode new spatial 
information, or remap. While it is currently unknown whether CA3 hyperactivity affects 
spatial memory, it is postulated that CA3 place cells do not rapidly encode new spatial 
information in ASMI as compared with unimpaired adult rats.  
In line with this notion, Koh et al. (2010) took a number of approaches aimed at 
reducing the CA3 hyperactivity in ASMI rats, including a pharmacological intervention 
comprising sub-threshold doses, or doses falling below the therapeutic range required for 
efficacy in a given indication, of two FDA-approved antiepileptic drugs (AEDs), 
valproate (VPA) and levetiracetam (LEV).  
VPA is an older AED that is approved by the FDA to treat seizures, and manic or 
mixed episodes associated with bipolar disorder (manic-depressive disorder), and to 
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 prevent migraine headaches. VPA is highly protein-bound, is an enzyme inhibitor (Eg. 
HDAC1, CYP2C9, CYP3A4, epoxide hydrolase), and when co-administered with other 
drugs, it exerts interaction effects (Johannessen, Petersen, Fonnum & Hassel, 2001). LEV 
on the other hand, is one of the newer AEDs. It is approved by the FDA as add-on 
therapy for the treatment of adults and children over four years old with partial-onset 
seizures, and as adjunctive therapy for the treatment of juvenile myoclonic epilepsy in 
patients aged twelve years and older. It offers several advantages, including a favorable 
safety profile and no significant drug–drug interactions. It is highly soluble and rapidly 
absorbed, is insignificantly protein-bound, and is mainly excreted unchanged in the urine; 
about 24% is excreted in the urine as its carboxylic derivative, UCB L057, via 
cytochrome P450-independent enzymatic hydrolysis (Coupez, Nicolas & Browne, 2003; 
Welty, Gidal, Ficker & Privitera, 2002). 
The off-label use of this combination therapy produced dose-dependent memory 
improvement in ASMI rats (Figure 3–1). Adopting the same regimen of VPA and LEV 
coupled with simultaneous in vivo electrophysiological recordings, we aimed to assess 
the drugs’ effects on CA1 and CA3 place cell firing rates and spatial tuning in both young 
adult and aged rats. We hypothesized that the same sub-threshold dosage combination of 
VPA and LEV that was associated with memory enhancements would also lower excess 
CA3 place cell activity, reduce spatial representation rigidity, and enhance spatial 
selectivity in aged rats.  
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Figure 3–1. Combination subthreshold doses of levetiracetam & valproate enhance memory.  
Left: Efficacious doses of LEV and VPA to improve memory performance of aged, spatial memory impaired rats were 
examined. Over the course of the study, the same rats were tested repeatedly with saline vehicle (0 mg/kg), LEV, and VPA. 
Post-delay memory errors were significantly lower than after vehicle administration when rats were given 100 mg/kg VPA or 5 
mg/kg LEV, *p = 0.05 compared to vehicle. Right: Combination therapy consisting of LEV and VPA was assessed in the 
radial arm maze using doses that were individually tested. Baseline performance was established with combination saline 
vehicle injections, and sub-threshold doses of each drug (1.25 or 2.5 mg/kg LEV, and 25 or 50 mg/kg VPA), which were 
administered in combination. [Histograms were created from data reported by Koh et al., 2010.] 
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 Methods. 
The general materials and methods used in this study can be found in Chapter II. 
Briefly, we employed a remapping paradigm in which rats were allowed to explore a 
square environment with three white prominent cues on three walls to which they were 
exposed daily over the course of three weeks while tetrodes were advanced to CA3 and 
CA1. Crushed chocolate sprinkles or Kellogg’s Froot Loops™ were randomly scattered 
about the environment floor to promote continuous ambulation. During testing, this now 
familiar environment (square) was alternated with one of two novel environments: A 60 
cm x 60 cm grey aluminum cylinder with a single white cue card extending the height of 
the apparatus and occupying 90° of arc (Experiment 1), or a 60 cm x 60 cm black 
plywood hexagon, which also had 3 white two-dimensional cues attached to the interior 
walls (Experiment 2). Experiment 2 was completed two days after Experiment 1 and the 
order or experiments and type of novel enclosure used were not counterbalanced.  
 Each environment was placed on the same black wooden base, which was wiped 
down with a 30% ethanol solution between environmental exposures to minimize the 
influence of olfactory cues. During testing sessions, the animal explored each 
environment in the following order: Familiar, Novel, Novel, and Familiar (Figure 3–2). 
Each experimental trial consisted of four sessions, each of ten minutes duration, separated 
by ~3 min pauses during which the rat was placed in a holding container (30 cm x 30 cm 
x 45 cm) while the experimenter cleaned the black base and switched the environments. 
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 Subjects. 
Subjects were four young (6 – 8 months) and six aged (24 – 28 months) male 
Long-Evans rats generously provided by Dr. Michela Gallagher (Johns Hopkins 
University). Rats were behaviorally characterized in spatial learning ability via the Morris 
water maze at Johns Hopkins University where aged rats were separated into two groups: 
aged unimpaired animals performed just as young animals did on the water maze and 
aged spatial memory impaired rats showed deficits in task completion indicated by higher 
learning indices. Rats were then shipped to Boston University School of Medicine for in 
vivo electrophysiological studies. After rats were removed from a temporary four-week 
quarantine period, we recorded place cells in CA1 and CA3 as rats explored familiar and 
novel environments, as described in the Methods (see Chapter II). Due to the lengthy 
holding period, the cognitive status of the aged rats could have changed. For instance, 
aged unimpaired rats could have become spatial memory impaired by the time 
electrophysiological studies were conducted. Therefore, we limited our groups to aged 
and young rats, without further separating the aged rats by cognitive status. Two of the 
young rats (6 months) were obtained from Charles River Laboratories (Wilmington, MA) 
and were not tested on the water maze. All experimental procedures were conducted in 
accordance with guidelines set forth by the National Institutes of Health. The Boston 
University Medical Campus Institutional Care and Use of Animals Committee approved 
all experimental protocols. 
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 Drug preparation. 
 The present study is comprised of two experiments. In Experiment 1, we 
established baseline measurements using an injection of saline vehicle prior to testing, 
against which drug effects (Experiment 2) could be evaluated. Accordingly, in 
Experiment 1, rats received both an intraperitoneal (ip) and subcutaneous (sc) injection of 
saline vehicle (at an equivalent volume to what was administered in Experiment 2), 30 
minutes prior to the start of recording. For Experiment 2, levetiracetam (LEV; Tecoland, 
Edison, NJ) and sodium valproate (VPA; Sigma Aldrich, St. Louis, MO) were separately 
dissolved in sterile saline. Exactly 2.5 mg/kg LEV (ip) and 50 mg/kg VPA (sc) were co-
administered 30 minutes prior to the start of the recording session. Drug solutions were 
prepared daily. For five days prior to the start of Experiment 1, each rat received saline 
injections (ip & sc) before daily screening to allow acclimation to the injection procedure. 
Rationale for drug selection. 
 Here, we used low-dose VPA+LEV, as the sub-threshold combination of these 
has shown efficacy in reducing errors that ASMI rats make on the radial arm maze (Koh 
et al., 2010) (Figure 3–1). Thus, we chose to examine the functional significance of this 
particular combination on place cell function to elucidate how the associated changes we 
measure in neuronal activity may mediate the behavioral improvement established in 
previous work.  
Statistical analyses. 
As high density in vivo electrophysiology was a new technology in our laboratory, 
we approached our data analyses from two independent directions. Post-doctoral fellow 
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 Dr. R Jonathan Robitsek modified and extended an existing data processing method for 
use in these aging experiments, while Dr. Scott Downing developed separate software in 
the MATLAB environment specifically for analysis of data collected going forward (e.g. 
work completed in the next chapters). To this end, Dr. R Jonathan Robitsek examined 
changes in place cell firing and spatial information content within the CA1 & CA3 
hippocampal subregions from the data set collected by our group.  
All analyses of basic firing rate properties and theta frequency were performed 
using a 2 x 2 x 2 repeated measures ANOVA, with environment (familiar and novel) as 
the within-subjects factor, age (young and aged) and treatment (Experiment 1, saline 
vehicle and Experiment 2, LEV+VPA) as between-subjects factors, with separate 
comparisons for each subregion (CA1 vs. CA3). Planned post-hoc comparisons using 
repeated-measures or univariate ANOVA were performed to compare simultaneously 
recorded CA3 and CA1 activity separately within each age group and treatment for most 
measures described. Although the same rats were used in Experiments 1 and 2, treatment 
was a between-subjects factor because recordings for these Experiments took place on 
separate days, so place cells in Experiment 1 could not be accurately identified as the 
same cells in Experiment 2; differences in the number of cells recorded in each 
Experiment also reflect this (Table 3–1). Standard ANOVA and two-tailed t-tests were 
applied where applicable (with the significance level set to p < 0.05) to examine main 
effects and higher order interactions. For comparisons of proportions, a two-tailed 
Fisher’s exact test (FET) was used; post-hoc testing of proportions used a z-test. (For 
further details on analyses used, see Chapter II). 
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Figure 3–2. Remapping paradigm and representative place field maps.  
Recording sequence of environments in Experiment 1, after saline vehicle (A) and in Experiment 2, after LEV+VPA (B) 
administration. Pseudocolor plots represent peak firing rate (FR) in spikes/sec, normalized to the cell’s peak FR across the 
entire recording session (C – J). Top four place field maps in C – J correspond to each environmental exposure, whereas the 
two place field maps below are the merged familiar (square) and novel (circle or hexagon) maps, respectively.  
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Figure 3–3. Histological verification of recording locations. (A–C) Black closed circles 
(young adult rats) and gray closed triangles (aged rats) indicate electrode tip placements 
on illustrations from the Rat Brain Atlas (Paxinos & Watson, 2006). (D) Low power (4X) 
photomicrograph of a representative Nissl-stained section shows recording sites within 
CA1 & CA3 of dorsal hippocampus, from which measurements were simultaneously 
acquired in each animal. Arrows in C indicate sites in an aged rat from the section shown 
in D.   
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 Results. 
The spatial learning abilities of rats used in the current study were characterized by 
Morris water maze testing as previously described (Gallagher, Burwell & Burchinal, 
1993a). Results showed a deficit in aged relative to young adult rats (mean learning index 
± SEM, young adult: 179.90 ± 13.6; aged: 240.53 ± 13.6; t(3.34) = 3.15; p  = 0.044), 
however this separation could be more severe due to the passage of time while the 
animals were in quarantine. Again, the ability to draw definitive conclusions about 
whether our results are unique to the impaired animals or common to all aged animals 
was limited because learning indices were measured relatively long before 
electrophysiological studies were completed. Thus, we included aged rats as a cohesive 
group, despite cognitive status, and compared the properties of their place cells to that of 
young adult rats. Only cells that met the inclusion criteria for place cells were used in 
analyses (Table 3–1). 
 
Table 3–1. Number of place cells recorded in each experiment by age and subregion. 
  Experiment 1 Experiment 2 
  Saline LEV+VPA 
Young CA1 50 27 
(n = 191) CA3 64 50 
Aged CA1 38 45 
(n = 336) CA3 121 132 
Total  273 254 
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 Place cell mean firing frequencies increase with aging  
Mean and peak firing rate data is presented in Table 3–2. The first question we 
sought to answer with Experiment 1 was whether or not the effects reported in the meta-
analysis by Wilson and colleagues, namely the CA3 subregion specific hyperactivity in 
aged place cells, were reproducible in our study. Indeed, we show that the mean firing 
rates of CA3 place cells increases with aging (F(1,183) = 12.38; p = 0.0005; Figure 3–3), an 
effect consistent with the data reported by Wilson et al. (2005). However, our findings 
reveal that this age-related elevation in CA3 cell mean firing rates was not a generally 
occurring phenomenon but rather, it occurred specifically in response to environmental 
novelty. That is, aged CA3 cells discharged more frequently in the novel than in the 
familiar environment (t(120) = 2.22; p = 0.028; Figure 3–3). When we compared the mean 
firing rates of aged versus young CA3 cells in a novel environment, we also found that 
those of aged CA3 cells were distinctly higher (t(183) = 3.55; p = 0.0005; Figure 3–3). 
Next, we analyzed the mean firing rates of CA1 cells and found them to be similar for 
both age groups following saline vehicle administration. While our results are consistent 
with those of Wilson and colleagues who reported no age-associated elevations in CA1 
mean firing rates, it would be remiss to overlook the age-related trend towards an 
increase in mean discharge frequency in CA1 cells (F(1,86) = 3.29; p = 0.073; Figure 3–3). 
 91 
  
Figure 3–3. Aging and novelty affects place cell discharge.  
Mean firing frequencies of CA3 place cells increase with aging, and in response to 
environmental novelty following vehicle administration. Left: CA3 mean firing rate is 
higher in aged than in young adult rats across environments (dashed lines). Introduction 
to environmental novelty enhances mean firing rates of aged CA3 place cells, an effect 
absent in the younger cohort. In the novel environment, mean firing frequency of aged 
CA3 place cells is much higher than firing rates exhibited by young CA3 place cells in 
the same environment. Right: There is no difference in the mean firing rate of CA1 place 
cells across age and environments. Significance is indicated where *p < 0.05, #p < 0.001. 
 
LEV+VPA reduces the novelty-related increase in aged CA3 place cell mean firing rates 
and reduces CA1 mean firing frequency 
  Acute LEV+VPA administration lowered CA3 mean firing rates by 20% in aged 
rats (F(1,251) = 4.16; p = 0.04; Figure 3–4A). We found this reduction to be environment-
specific, as LEV+VPA substantially diminished discharge frequencies in the novel 
enclosure by 34% (t(251) = 2.93; p = 0.003; Figure 3–4A). This finding is quite striking 
because LEV+VPA acts to lower discharge frequency in the hippocampal region and 
under the same environmental context where we showed the initial CA3 hyperactivity to 
persist in these aged animals (interaction between environment and subregion following 
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 LEV+VPA administration: F(1,175) = 4.99; p = 0.03). Furthermore, the drug-induced 
reduction in CA3 mean firing frequency effectively changed the way novelty is signaled 
in aged rats; with a reduction in CA3 mean firing upon introduction to environmental 
novelty instead of the increase we observed following saline vehicle administration (t(131) 
= -2.36; p = 0.02; Figure 3–4A). While these findings are exciting, it is important to note 
that despite the robust effects of LEV+VPA, the mean firing rates of aged CA3 place 
cells were still elevated over that of the young cohort (F(1,180) = 8.09; p = 0.005) in both 
familiar (t(180) = 2.62; p = 0.009) and novel (t(180) = 2.32; p = 0.02) environments (Figure 
3–4A). Although mean firing rates remained elevated, perhaps this reduction was 
sufficient to contribute to the behavioral improvement illustrated by ASMI rats that 
received the same dose and combination of LEV+VPA on the radial arm maze in Koh et 
al.’s work. Last, we found that acute LEV+VPA administration also generally reduced 
the mean firing rates of CA1 place cells by 26% (F(1,156) = 5.06; p = 0.03), regardless of 
age or environment (Figure 3–4B).  
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Figure 3–4. Acute LEV+VPA administration reduces mean place cell discharge.  
LEV+VPA reduces the novelty-related increase in the mean firing rates of aged CA3 
place cells and reduces the mean firing rates of CA1 place cells. A) In the aged cohort 
(right), acute LEV+VPA administration reduced the novelty-related increase in CA3 
mean firing rates that occurred following saline vehicle injection by 34%, without 
affecting firing frequencies in the familiar environment. B) LEV+VPA reduced CA1 
mean firing rates 26%. Overall mean firing rate following saline vehicle (dashed line) and 
LEV+VPA (solid line) are indicated. Significance is indicated where *p < 0.05, **p < 
0.005, and #p < 0.001. 
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 Effects of aging and LEV+VPA administration on place cell peak firing rates  
 We next sought to determine if, as in the meta-analysis by Wilson et al., the peak 
firing rates of CA3 place cells also increase with aging. Consistent with the previous 
report and just as we observed with CA3 mean firing rates, our data shows that in 
Experiment 1 (saline vehicle), aged CA3 cells exhibited higher peak firing frequencies 
than young CA3 cells (t(183) = 3.09; p = 0.002; Figure 3–5A). We found that 
environmental novelty enhanced peak firing rates in aged (t(120) = 3.05; p = 0.003), but 
not young CA3 cells, and that aged cells responded with higher peak firing frequencies 
than that of young cells in the same novel environment (t(183) = 3.10; p = 0.002; Figure 3–
5A). In Experiment 2, we found that acute administration of LEV+VPA increased the 
peak firing rates of aged cells by 30% (t(251) = 2.75; p = 0.006) but was without effect in 
the young cohort (Figure 3–5A). Thus, maximum discharge rates of aged CA3 cells were 
higher than young following saline administration, and LEV+VPA exacerbated this 
elevation in aged rats. This result is counterintuitive at first glance because of the initial 
hyperactivity we reported in aged CA3 cells and the linkage to poor performance in 
cognitive tasks (Wilson et al., 2006; Wilson et al., 2005). However, the reduction in mean 
firing rates coupled with an increase in peak firing rates could signify increased sharpness 
of place fields in these aged rats, an idea supported by the spatial representations (Figure 
3–2F & J). 
When we examined the peak firing rates of CA1 place cells in Experiment 1, we 
found that they were similar in both aged and young adult rats, and were enhanced by 
novelty (F(1,86) = 6.76; p = 0.01; Figure 3–5B) following saline injection. In Experiment 
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 2, LEV+VPA administration had no effect on peak firing rates of CA1 place cells as 
animals explored the familiar environment. Interestingly however, CA1 peak rates varied 
from the interaction between age, environment, and treatment (F(1,156) = 4.27; p = 0.045) 
such that the drug combination changed how aged CA1 cells responded to a novel 
environment (t(44) = -4.52; p < 0.001; Figure 3–6B). That is, there was no difference in 
the peak firing rates of aged CA1 cells between the two environments in Experiment 1, 
whereas in Experiment 2, aged CA1 cells responded to environmental novelty by 
increasing their maximum discharge frequencies (t(70) = 4.11; p < 0.001, Figure 3–6B).  
 
 
 
Figure 3–5. Aging and novelty affects place cell peak firing rates.  
Peak firing frequencies of CA3 place cells increase with aging, and increase in response 
to environmental novelty, while peak discharge of CA1 cells of both aged and young rats 
increase with environmental novelty following vehicle administration. A) CA3 peak 
firing rate is higher in aged than in young adult rats across environments (dashed lines), 
an effect evident in both the familiar and novel environments. Introduction to 
environmental novelty enhances peak firing rates of aged CA3 place cells, an effect 
absent in the younger cohort. B) Peak firing rate of CA1 place cells are increased by 
environmental novelty across age groups (dashed lines). Significance is indicated where 
*p < 0.05, **p < 0.005, and #p < 0.001.  
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Figure 3–6. Acute LEV+VPA enhances peak firing rates of aged place cells.  
A) After saline vehicle (open bars), aged CA3 cells (right) exhibit higher peak firing 
frequencies than young cells (left) in the same novel environment and aged CA3 cells 
increase their peak firing frequencies in response to environmental novelty. LEV+VPA 
increases CA3 peak firing rates in aged rats, retaining the elevation in response to 
environmental novelty. Average peak firing rate is indicated for vehicle and LEV+VPA 
with dashed and solid lines, respectively. B) After vehicle, peak firing rates of CA1 place 
cells is enhanced by novelty. LEV+VPA boosts CA1 peak firing rates of aged cells in a 
novel environment, thus differentiating the familiar from the novel, a relationship that 
was previously absent following saline vehicle administration. Significance is indicated 
where **p < 0.005, and #p < 0.001. 
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 Table 3–2. Average mean and peak firing rates of place cells 
   Young Aged 
   Vehicle LEV + VPA Vehicle LEV + VPA 
Mean  CA1 Familiar 0.86 ± 0.13 0.78 ± 0.19 1.43 ± 0.25 0.94 ± 0.18 
Novel 1.20 ± 0.20 0.63 ± 0.18 1.52 ± 0.27 1.09 ± 0.17 
Overall 1.00 ± 0.12 0.70 ± 0.14 1.48 ± 0.24 1.02 ± 0.16 
CA3 Familiar 0.92 ± 0.17 0.76 ± 0.12 1.25 ± 0.09 1.23 ± 0.10 
Novel 0.72 ± 0.13 0.66 ± 0.13 1.56 ± 0.16 1.04 ± 0.09 
Overall 0.82 ± 0.10 0.71 ± 0.09 1.41 ± 0.11 1.13 ± 0.08 
Peak CA1 Familiar 4.70 ± 0.75 3.85 ± 0.94 5.34 ± 0.92 5.31 ± 0.71 
Novel 6.68 ± 1.10 3.62 ± 1.00 7.91 ± 1.30 10.93 ± 1.45 
Overall 5.69 ± 0.64 3.73 ± 0.73 6.63 ± 1.00 8.12 ± 0.96 
CA3 Familiar 3.93 ± 0.61 2.95 ± 0.43 4.89 ± 0.38 6.68 ± 0.52 
Novel 3.60 ± 0.73 2.70 ± 0.65 6.69 ± 0.61 8.30 ± 0.77 
Overall 3.77 ± 0.43 2.83 ± 0.38 5.79 ± 0.42 7.49 ± 0.56 
 
Values are expressed ± standard error of the mean (in Hz) 
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 Enlarged place fields are reduced by LEV+VPA 
 In Experiment 1, the place fields of CA3 cells increased with aging (t(183) = 3.29; 
p = 0.001; Figure 3–7). In CA1, place fields formed by young cells enlarged in response 
to environmental novelty (t(49) = 2.39; p = 0.021), and similar to CA3, CA1 place fields 
expanded with age, but only in the familiar environment (t(88) = 2.17; p = 0.033; Figure 
3–7). LEV+VPA reduced the area of aged CA3 place fields in Experiment 2, thereby 
abolishing the previously observed age-related difference in area (t(251) = -2.62; p = 
0.009; Figure 3–7), and similarly reversed the novelty-induced enlargement of young 
CA1 place fields (t(75) = -2.06; p = 0.004; Figure 3–7). LEV+VPA showed a trend 
towards reducing the place field area of aged CA1 cells in a novel environment but the 
difference did not reach significance (t(81) = -1.86; p = 0.066). 
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Figure 3–7. LEV+VPA reduces mean place field size in aged rats.  
Top: Place field area of CA3 cells increase with aging following saline administration 
(dashed lines), and is reduced by LEV+VPA (dashed line vs. solid line). Bottom: CA1 
place field area enlarges in response to environmental novelty in young but not aged rats, 
an effect abolished by LEV+VPA. Asterisks indicate significance, where *p < 0.05  and 
**p < 0.005. 
 
Effects of aging, environmental novelty, and acute LEV+VPA on spatial selectivity   
 Next, we examined differences in the spatial selectivity of place cell firing by 
calculating the spatial information content, a measure that reflects how well the action 
potentials of a cell predict the rat’s location (Markus, Barnes, McNaughton, Gladden & 
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 Skaggs, 1994; Skaggs, McNaughton, Gothard & Markus, 1993). We found no age-related 
differences in the spatial selectivity of place cells in Experiment 1 (Figure 3–8).  
 In Experiment 2, LEV+VPA enhanced the spatial selectivity of CA3 cells in aged 
rats (t(251) = 2.98; p = 0.0032; Figure 3–8) to be even higher than that of young adult 
animals that also received the drug combination (t(180) = 4.57; p < 0.0001; Figure 3–8). 
Similarly, we found that LEV+VPA increased spatial selectivity of aged CA1 place cell 
firing  (t(81) = 2.90; p = 0.0048; Figure 3–8) to be even higher than that of young adult 
animals that also received the drug combination (t(70) = 3.08; p = 0.003; Figure 3–8). 
Last, we found significant interactions between Environment and Age (F(1,363) = 6.39; p = 
0.012), and also between Treatment and Age (F(1,363) = 10.81; p = 0.001).  
 
 
 
Figure 3–8. LEV+VPA increases the spatial selectivity of place cells in aged rats.  
LEV+VPA increases the spatial selectivity of place cell firing in aged rats. [Data shown 
are averaged familiar and novel values as there is no effect of environment on spatial 
selectivity.] Significance is indicated where *p < 0.05, **p < 0.005, and #p < 0.001. 
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 Age and drug effects on theta frequency 
Next, we examined changes in theta frequency related to aging, environmental 
novelty, and treatment. Due to the large number of effects, the data presented in Figure 
3–9 appears in six panels such that panel A shows our results from Experiment 1, 
following saline vehicle administration, panel B shows the effect of LEV+VPA in 
Experiment 2 compared to vehicle, and panel C shows results following LEV+VPA to 
illustrate how the drug combination changed the relationship between how theta 
frequency shifts in response to environmental novelty across age groups. The results for 
CA3 and CA1 are quite similar and are presented side-by-side (Figure 3–9). 
In a previous study by Jeewajee et al. Jeewajee et al., 2008, environmental 
novelty was signaled by a decrease in theta frequency. In our study, exposure to the novel 
environment shifted peak theta frequency in opposing directions within each age group. 
In agreement with the Jeewajee report, we found that introduction to environmental 
novelty reduced peak theta frequency in young adult rats (CA3: t(20) = -18.92; p < 0.001, 
CA1: t(13) = 18.82; p < 0.001), but increased it in aged rats (CA3: t(40) = 7.39; p < 0.001, 
CA1: t(16) = 4.62; p < 0.001) after saline injection (Figure 3–9A). We compared the 
responses of aged and young CA3 peak theta frequencies to the same environment and 
found that within the familiar environment, peak theta frequency in young adult rats 
exceeded that of aged rats (CA3: t(60) = -2.94; p < 0.005, CA1: t(29) = -3.61; p = 0.001), 
whereas the contrary was true for CA3 peak theta frequency in the novel environment ( ) 
= 2.94; p < 0.005; Figure 3–9A). In CA1, there was no age-associated difference in the 
novel environment.  
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 LEV+VPA prevented the reduction in peak theta frequency that occurred in 
response to environmental novelty following vehicle administration in young adult rats, 
such that there was no difference in theta between familiar and novel environments 
(Figure 3–9B). Furthermore, LEV+VPA boosted peak theta frequency of young animals 
in both familiar (CA3: t(36) = 4.38; p < 0.001, CA1: t(22) = 2.39; p = 0.03) and novel 
(CA3: t(36) = 8.65; p < 0.001, CA1: t(22) = 5.39; p < 0.001) environments to similar levels 
that were well above those measured in the aged cohort (CA3: F(1,57) = 61.95; p < 0.001, 
CA1: F(1,25) = 63.99; p < 0.001; Figure 3–9C). When we assessed the effects of 
LEV+VPA in aged rats, our results showed that the drug combination reduced peak theta 
frequency in only the novel environment (CA3: t(81) = -3.14; p = 0.002, CA1: t(32) = 2.64; 
p = 0.006; Figure 3–9B).   
LEV+VPA drove peak theta frequency in young rats higher than that of aged rats 
in both the familiar (CA3: t(57) = -6.53; p < 0.001, CA1: t(25) = -7.51; p < 0.001) and 
novel environments (CA3: t(57) = -9.03; p < 0.001, CA1: t(25) = -8.21; p < 0.001; Figure 
3–9C). Importantly, LEV+VPA changed the shift in theta frequency that signaled 
environmental novelty in both young and aged rats. LEV+VPA prevented the novelty-
related reduction in peak theta frequency in young rats that we observed following saline 
administration. In young rats, the drug combination affected peak theta frequencies in the 
familiar and novel environments such that they did not differ between the two. Under 
LEV+VPA, environmental novelty was signaled by a reduction in the peak theta 
frequency in aged rats (CA3: F(1,41) = 8.18; p = 0.006, CA1: F(1,16) = 5.72; p = 0.03; 
Figure 3–9C), just as we observed in the young cohort after saline administration. 
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Figure 3–9. Peak theta frequency in hippocampus.  
Peak theta frequency in CA3 (left) and CA1 (right). A) Novelty reduces peak theta 
frequency in young adults and enhances it in aged rats. In a familiar environment, peak 
theta frequency is reduced with aging. With aging, peak theta frequency in CA3 is elevated 
by novelty. B) LEV+VPA increases peak theta frequency in young adult rats while 
reducing it only in response to environmental novelty in aged rats. C) Compared to saline 
vehicle, LEV+VPA changed the way environmental novelty was signaled in young and 
aged rats (panel A vs. C). LEV+VPA prevented the novelty-related reduction in peak theta 
frequency in young rats. In aged rats, LEV+VPA shifted the dynamic such that 
environmental novelty was signaled by a reduction rather than an increase in peak theta 
frequency. Significance is indicated where *p < 0.05, **p < 0.005, and #p < 0.001. 
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 Age and drug effects on encoding environmental novelty: place field similarity 
We quantified the similarity in spatial representations between environments by 
examining the similarity of place fields calculated as the spatial correlation of place maps 
for the familiar and novel environments. Place fields exhibited by aged CA3 cells 
representing the familiar and novel environments were much more similar than that of 
young rats following saline injections (t(183) = 2.23, p = 0.027; Figure 3–10). This result is 
consistent with Leutgeb (2004) and Wilson et al. (2005), the latter of whom reported an 
age-related rigidity of CA3 place fields following introduction to environmental novelty. 
Aged cells failed to respond to a change in environment, reflected in their place fields, 
whereas young CA3 cells shifted their firing patterns. After we administered LEV+VPA, 
this age-related difference was abolished (t(180) = -0.73; p = 0.46). The drug combination 
boosted the similarity of place fields between familiar and novel environments above the 
levels observed following saline administration in both young adult (t(112) = 4.38; p < 
0.001) and aged rats (t(251) = 2.06; p = 0.04, Figure 3–10). 
In CA1 cells, place fields of the familiar and novel environments were similar 
between aged and young adult rats after saline vehicle was administered (t(86) = 1.34; p = 
0.18), which is also in agreement with Wilson and colleagues (2005) who reported no 
age-associated differences in CA1 place field similarity. Unlike our observations in CA3, 
LEV+VPA did not have an effect on CA1 place field similarity (F(1,155) = 2.77; p = 0.09).  
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Figure 3–10. Aging and LEV+VPA affects place field similarity.  
Effects of aging and LEV+VPA on the similarity of place fields in a familiar and novel 
environment are shown. Aging increases CA3 place field similarity between a familiar 
and novel environment (left panel).  LEV+VPA administration enhances CA3 place field 
similarity in both young and aged rats (left panel), but does not affect CA1 place field 
similarity (right panel). Significance is indicated where *p < 0.05 and #p < 0.001. 
 
Change in mean firing rates elicited by exposure from familiar to novel environment 
To further examine the similarity of place cell responses to environmental 
novelty, we compared the change in the mean firing rates (accounting for direction) and 
the extent of the change in mean and peak firing rates (independent of direction) between 
the familiar and novel environments. We also quantified the nature of the change in terms 
of the proportion of cells that increased or decreased their mean firing rates in response to 
environmental novelty. In agreement with results reported by Wilson et al. (2005), place 
cells of young and aged rats responded similarly to environmental novelty following 
saline injections in terms of changing their mean firing rates (CA3: t(185)  = -1.28; p = 
0.20, and CA1: t(86) = 0.07; p = 0.95; Figure 3–11). Likewise, our cell quantification 
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 indicates that across age groups and hippocampal subregions, approximately half of the 
cells increased while the other half decreased their mean firing rates. 
LEV+VPA administration had no effect on young CA3 cells. However, 65% of 
aged CA3 cells decreased their mean firing rates on environmental change following 
LEV+VPA, compared to only 50% of cells in the saline vehicle group (z = 4.92; p < 
0.001). LEV+VPA increased the responsiveness (t(251) = 2.14; p = 0.034) and augmented 
the quantity of aged CA3 cells that reduced their mean firing rate in response to 
environmental novelty (z = 2.37; p = 0.018). Thus, LEV+VPA appears to selectively 
modulate CA3 firing rates and firing properties in only aged rats. 
 
 
Figure 3–11. LEV+VPA increases the change in aged CA3 mean firing rates 
between environments.   
LEV+VPA increases the change in aged CA3 mean firing rates on transition from a 
familiar to a novel environment.  Left panel: LEV+VPA has no effect on young CA3 
cells but increases the change in mean firing rates in aged CA3 cells when the animal 
moves from a familiar to a novel environment. Right panel: LEV+VPA has no effect on 
the change in mean firing rates exhibited by CA1 cells in response to environmental 
change. Asterisk indicates significance where *p < 0.05. 
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 Magnitude of the change in firing rates elicited by a change in environment  
 Analysis of the absolute value of the change in firing rates (independent of 
direction) is a measure of the extent of the change in discharge that cells exhibit in 
response to environmental novelty. Our results revealed that aged cells were less 
responsive than young cells in both subregions following saline vehicle. That is, aged 
cells changed their mean firing rates ~47% less than young cells following the switch in 
environment (CA3: t(183) = -5.90; p < 0.001, and CA1: t(86) = -5.54; p < 0.001; Figure 3–
12A). LEV+VPA increased the extent of change in mean firing rates of CA1 cells by 7% 
without any age-specific effect (F(1,156) = 4.39; p = 0.038; Figure 3–12A). 
 Similarly, when we examined the change in peak firing rates following vehicle 
injections, we found the change to be greater in young than aged cells in either subregion 
(CA3: t(183) = -5.83; p < 0.001, and CA1: t(81) = 2.60; p = 0.01; Figure 3–12B). 
LEV+VPA increased the extent that CA1 cells changed their maximum discharge rates 
between environments in both groups (F(1,156) = 5.96; p = 0.02; Figure 3–12B). Thus, the 
greater extent of change in both mean and peak firing rates exhibited by young place cells 
following saline vehicle implies that young cells tended to be active in only one 
environment, while the majority of cells in aged rats were active in both environments. 
LEV+VPA enhanced rate remapping of CA1 cells, but did not affect the degree to which 
mean and peak firing rates changed in CA3 upon introduction to environmental novelty. 
 We did not find a difference in the magnitude of change in firing rates between 
CA3 and CA1 in young (ABS mean rate change: F(1,112) = 0.08; p = 0.78, and ABS peak 
rate change: F(1,112) = 0.11; p = 0.74) or aged (ABS mean rate change: F(1,157) = 1.88; p = 
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 0.17, and ABS peak rate change: F(1,157) = 0.76; p = 0.39) rats when we compared the 
subregions following saline vehicle injections. Similarly, LEV+VPA treatment did not 
affect the magnitude of change in mean firing rates between subregions in either young 
(F(1,75) = 2.04; p = 0.16) or aged rats (F(1,175) = 1.25; p = 0.27). In contrast, LEV+VPA 
increased the change in peak firing rates of aged CA1 place cells compared to the change 
in peak discharge exhibited by aged CA3 neurons in response to environmental novelty, 
while having no significant effect between the two subregions of young cells (F(1,75) = 
3.6; p = 0.062). In aged rats after LEV+VPA treatment, peak firing rate change was 24% 
higher in CA1 than in CA3 (F(1,175) = 7.30; p = 0.008). 
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Figure 3–12. LEV+VPA increases the magnitude of the change in CA1 firing rates 
between environments. 
LEV+VPA increases the magnitude of the change in CA1 mean and peak firing rates on 
transition from a familiar to a novel environment. LEV+VPA has no effect on the extent 
of change in mean (A) or peak firing rates (B) of CA3 cells in either age group, but 
increases the extent that CA1 cells change their mean (A) and peak firing rates (B) 
elicited when the animal is moved from a familiar to a novel environment. Significance is 
indicated where *p < 0.05 and #p < 0.001. 
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 Discussion. 
Studies in aging animal models have indicated that hyperactivity in selective 
hippocampal circuits contributes to cognitive impairment. Here, we tested the effect of 
reducing hippocampal activation in aged rats, some of which were previously 
characterized as spatial memory impaired, by administration of sub-threshold doses of 
LEV and VPA. Our results are in agreement Wilson et al. (2005), who reported 
hyperactivity within the aged rodent hippocampal CA3 region as a contributing factor to 
impairments in pattern separation processes that may underlie age-related deficits in 
cognition. Further, some of our findings support the hypothesis that pharmacological 
treatment aimed at reducing such hyperactivity improves aspects of hippocampal function 
in aged subjects, a group including those previously characterized as being spatial 
memory-impaired, that may have dysfunctions in hippocampal information processing 
across species (Bakker et al., 2012; Koh, Haberman, Foti, McCown & Gallagher, 2009; 
Sanchez et al., 2012).  
Impairments in hippocampal electrophysiology with aging  
In Experiment 1, the characteristics of aged CA3 place cells differed from those of 
young adult cells in the following ways: exacerbated firing rates in response to 
environmental novelty, less responsive to environmental novelty indicated by reduced 
change in discharge frequencies, diffuse firing patterns demonstrating less spatial 
selectivity, increased overlap in place fields of familiar and novel environments, and 
increased peak theta frequency upon introduction to environmental novelty. Our CA1 
results are inconsistent with Wilson and colleagues (2005) who did not report age-related 
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 differences in CA1. However, it is important to note that the Wilson study was a meta-
analysis and the authors did not simultaneously record from CA3 and CA1 in the same 
animals as we have done, which may contribute to discrepancies. In our work, aged CA1 
cells show less change in mean and peak firing rates and higher peak theta frequency in 
response to environmental novelty. Additionally, the place fields of aged CA1 cells were 
larger than those exhibited by young cells.  
In terms of theta frequency, Jeewajee et al. (2008) showed that environmental 
novelty is signaled by a reduction in hippocampal theta. The authors proposed that the 
reduction was due to enhanced cholinergic drive from the medial septum and diagonal 
band of Broca. The first exposure to a novel environment has been demonstrated to 
enhance the cholinergic input provided by these structures (Giovannini et al., 2001; 
Givens & Olton, 1995; Thiel et al., 1998). Further, theta phase-dependent synaptic 
plasticity is enhanced by cholinergic activation, suggesting that novelty-induced 
elevations in ACh may facilitate encoding new information (Hasselmo, Wyble & 
Wallenstein, 1996; Hölscher, Anwyl & Rowan, 1997; Huerta & Lisman, 1993). In aging 
however, the medial septum provides less ACh (Figure 1–3), and it is possible that such 
aged-related reductions in cholinergic drive could contribute to theta elevations in 
response to environmental novelty in this cohort. 
In summary, our results from Experiment 1 are in agreement with other reports and 
demonstrate failures of the aged hippocampus to reliably bind novel environmental 
characteristics into spatial representations that accurately separate new and previously 
encoded information  (Leutgeb et al., 2004; Wilson et al., 2005). This impairment is most 
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 likely attributed to age-related neurobiological changes, with reduced inhibitory 
modulation within the aged hippocampus as arguably the most critical alteration  
(Cadacio, Milner, Gallagher, Pierce & Cadiacio, 2003; Stanley & Shetty, 2004; Stanley, 
Fadel & Mott, 2012; Vela, Gutierrez, Vitorica & Ruano, 2003), leading to weakened 
synaptic plasticity and cognitive decline (Wilson et al., 2006). 
Acute LEV+VPA co-administration improves some aspects of hippocampal function in 
aging  
Many of the differences in spatial representations that were present between young 
adult and aged rats in Experiment 1 were diminished by the acute systemic co-
administration of LEV and VPA in Experiment 2. LEV+VPA administration reduced the 
mean firing rates of aged CA3 cells in response to environmental novelty. This reduction 
in mean firing frequency produced by LEV+VPA restored discharge rates similar to that 
of young CA3 cells after vehicle administration, which is also congruent with previous 
findings in untreated young adult rats (Wilson et al., 2005). LEV+VPA also ameliorated 
the increased theta frequency that aged cells showed in response to the novel 
environment in Experiment 1. In fact, after co-administration of LEV+VPA, the majority 
of field potentials from aged animals exhibited lower theta frequencies in response to 
environmental novelty, consistent with what Jeewajee and colleagues (2008) previously 
reported and what we observed in our young adult rats in Experiment 1. The majority of 
aged CA3 cells shifted their firing rate dynamics and altered the change in theta 
frequency between environments. The resulting decrease in activation in response to 
environmental novelty suggests network-level changes in those fundamental aspects of 
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 hippocampal coding in aged animals. In young adult rats, LEV+VPA increased theta 
frequency in young adult rats such that the familiar and novel environments were not 
differentiated by this measure. We hypothesized that the co-administration of these drugs 
would reduce excess neural activity in aged rats, so it is not surprising that the 
combination did not have a similar effect in young animals that presumably have an 
intact hippocampal network. 
 In Experiment 1, both age groups responded to a novel environment with 
increased CA1 peak firing rates, possibly reflecting a novelty detection signal in CA1 
(Hasselmo, Wyble & Wallenstein, 1996; Lisman & Otmakhova, 2001). In CA3, the 
elevation of peak rates in aged rats could reflect a compensatory mechanism, or a 
recruitment of more neural resources, meant to encode change amidst a backdrop of 
impaired information processing. The unexpected elevations in peak firing rates that 
LEV+VPA produced in aged cells seems counterintuitive to improving hippocampal 
function. However, modeling (Feng & Wei, 2001) and experimental (Nelson, Krispel, 
Sekirnjak & du Lac, 2003) works suggest that transient inhibition, which could be 
produced by LEV+VPA, can trigger increases in spontaneous firing rates. However, 
determining through what mechanism LEV+VPA unexpectedly increased peak firing 
frequencies would require further investigation and is beyond the scope of this study.  
 The efficacy of LEV+VPA in reducing age-associated hyperactivity was also 
evident in the quality of spatial representations. In Experiment 2, aged place fields from 
both subregions decreased in size and aged CA3 cells increased spatial selectivity. 
However, the similarity between place fields in the familiar and novel environments 
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 became more correlated and were equivalent across age groups, indicating that 
LEV+VPA reduced spatial discriminations in both young and aged rats. This finding 
seems inconsistent with our hypothesis that LEV+VPA would reduce CA3 hyperactivity, 
ultimately leading to the improved spatial memory that Koh and colleagues reported in 
aged rats after using the same combination of drugs selected for this study. Perhaps the 
other enhancements in hippocampal network activity that we have reported are sufficient 
to improve spatial memory function in spite of the lowered spatial discrepancies caused 
by the drugs. Unfortunately, because we did not explicitly test these animals on 
behavioral tasks of learning and memory, we cannot directly link the changes we 
measured in neurophysiology with other documented measures of cognition. 
Putative synergistic pharmacodynamic interaction improves hippocampal function 
 The acute effects of LEV, VPA, and LEV+VPA at the low doses administered in 
this study have previously been shown to be without behavioral effect when administered 
separately, but enhance performance in the radial arm maze when administered in 
combination (Koh et al., 2010). However, the pharmacologic mechanism of these drugs 
to exert action at these doses has not been established. 
 The therapeutic action of AEDs is usually classified as being either synaptic 
modulation or inhibition of voltage-dependent ion channels (Rogawski and Loscher 
2004). Both these actions have been recognized for VPA, and several different 
mechanisms of action have been suggested, such as potentiation of effects by GABA, 
reduction of the NMDA response, or an altered potassium or calcium conductance (Kelly, 
Gross & Macdonald, 1990; Löscher & Vetter, 1984; Zeise, Kasparow & Zieglgänsberger, 
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 1991). VPA administration has been shown to increase synthesis and release of GABA, 
and reduce extracellular levels of the excitatory neurotransmitter glutamate (Godin, 
Heiner, Mark & Mandel, 1969; Hassel, Iversen, Gjerstad & Taubøll, 2001). However, 
increased hippocampal GABAergic release may be unlikely at the dose of acute VPA 
used in our study (50 mg/kg, SQ). Acute VPA has been shown to increase synaptic 
GABA concentrations in the ventral hippocampus dialysate by 200% when administered 
at 400 mg/kg (IP) but reduces synaptic GABA levels by 50% when administered at a 100 
mg/kg dose (Biggs, Pearce, Fowler & Whitton, 1992). No study to date has shown 
whether the dose used in our work, 50 mg/kg (SQ) VPA, exerts an enhancement of 
extracellular GABA concentrations in the brain.  
 Several studies, mainly on cultured or dissociated mammal neurons and some on 
non-vertebrate preparations, imply that VPA has an inhibitory effect on the sodium 
current  (Van den Berg, Kok & Voskuyl, 1993; VanDongen, VanErp & Voskuyl, 1986; 
Vreugdenhil & Wadman, 1999; Zona & Avoli, 1990). Contrary to these findings 
however, VPA had no effect on the sodium current in CA1 cells in the hippocampal slice 
preparation (Albus & Williamson, 1998). The slice may be a more relevant model than 
cultured neurons because the cells have largely preserved connections, and drug effects 
are likely to be more similar to the therapeutic action in the brain.  
 LEV has shown a different action in rodent models as compared to other 
antiepileptic therapeutics and may have a unique, though still unclear, mechanism of 
action (Löscher & Hönack, 1993). Binding to the synaptic vesicle protein 2A allows 
modulation of synaptic neurotransmitter release, which has been proposed as the main 
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 mechanism of action for LEV (Lynch et al., 2004). Other possible modes of action are 
reported, like effects on calcium currents and different kinds of potassium currents 
(Huang, Tsai, Huang & Wu, 2009; Madeja et al., 2003; Niespodziany, Klitgaard & 
Margineanu, 2001). LEV does not block sodium currents in cultured and dissociated 
neurons (Madeja et al., 2003; Zona et al., 2001) but the action might differ in intact 
neurons of the brain slice model. 
 LEV clears the body by hydrolysis (25%) and renal excretion (75%) and does not 
interact with the P450 hepatic enzyme system (CYPs) or with the uridine glucuronyl 
transferases (UGTs; enzymes that catalyze glucuronidation, which is the major clearance 
mechanism route for a few of the most prescribed drugs in the USA). VPA on the other 
hand, is cleared by oxidation (> 50%) and conjugation (30 – 40%) and affects many of 
the clearance enzymes in the body (including inhibiting and degrading both CYPs and 
UGTs). However, the metabolism of LEV has not been reported to affect that of VPA. 
Further, in a study using whole-cell current-clamp recordings of CA1 neurons in rat brain 
slices, researchers analyzed the rapid effects of VPA and LEV on excitability and firing 
properties of CA1 neurons, including drug effects on resting potential, action potential, 
and repetitive firing properties. LEV and VPA had no effect on any of the parameters 
measured (e.g. action potential rising slope, peak amplitude, and maximum firing 
frequency) (Englund, Hyllienmark & Brismar, 2011).  
 Pharmacodynamic interactions between two or more drugs are those that occur at 
the site of action of the drugs and may involve synergistic or antagonistic alteration. They 
are extremely difficult to mechanistically investigate, as no alterations in 
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 pharmacokinetics and consequently, serum concentrations are observed. For instance, a 
synergistic pharmacodynamic interaction between VPA and lamotrigine, another AED, 
has been demonstrated in patients with refractory complex partial seizures (Pisani et al., 
1999) and preclinical studies in mice have suggested a supra-additive or synergistic effect 
by combining LEV with carbamazepine (Luszczki et al., 2006). We believe that the 
amelioration of hyperactivity and improvement in hippocampal output in aged rats 
caused by LEV+VPA are likely mediated through synergistic effects resulting in a unique 
profile of changes in neurotransmission. More work is required to assess how acute co-
administration of these drugs may change synaptic neurotransmitter levels or affect 
synaptic plasticity in an aged hippocampus and improve aspects of spatial memory. 
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 IV. EFFECTS OF THE α5GABAAR NEGATIVE MODULATOR, α5IA, ON 
PLACE CELLS AND HIPPOCAMPAL-DEPENDENT SPATIAL MEMORY 
Abstract.  
The high density of α  in hippocampus and their local distribution places them in 
a key position to regulate hippocampal excitability and ultimately affect hippocampal-
dependent cognition. After receiving the α -prefering NAM, α5IA (3-(5-Methylisoxazol-
3-yl)-6-[(1-methyl-1,2,3-triazol-4-yl)methyl-oxy]-1,2,4-triazolo[3,4-a]phthalazine), rats 
showed improved performance in the water maze, a spatial memory task. We sought to 
identify changes in hippocampal information processing elicited by α5IA that may 
contribute to the cognitive enhancements using in vivo electrophysiology and behavioral 
assessment. In our remapping paradigm using familiar and novel environments that are 
very similar, we report that place cells differentiate between these two similar contexts 
via their distinctive firing properties. Results show that α5IA increased peak firing 
frequency in the familiar environment, thereby abolishing the difference elicited by 
environmental novelty. However, α5IA enhanced spatial selectivity in both familiar and 
novel environments, and reduced the similarity of the place fields between the two 
different contexts. We also found that α5IA had opposing effects on place field size 
depending on environment (diminished field area in a familiar environment and enlarged 
it in a novel environment), and that the drug boosted the novelty-induced increase in 
place field area. In an escalating dose experiment, α5IA increased mean firing rates of 
place cells. Further, we are the first to report that α5IA enhances spatial memory in a 
location novelty recognition task as treated rats spent more time exploring a displaced 
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 object than one that was in the same location. Our data shows that α5IA increases place 
cell firing rates, enhances some aspects of hippocampal information processing, and is in 
agreement with other reports that show enhancements in memory following treatment. 
Introduction.  
The α  are preferentially expressed in the hippocampus, suggesting that they play 
a key role in hippocampal functions such as learning and memory (see Chapter I). 
Functional suppression of α  results in a release of tonic inhibition and is correlated with 
enhanced cognitive performance. Given the implications α  have in learning and memory, 
their ability to modulate hippocampal network excitability, and their relatively high 
expression within CA1 and CA3, we sought to investigate how a memory enhancing dose 
of the α5-preferring negative allosteric modulator (NAM) α5IA (Dawson et al., 2006) 
would affect place cell firing rates, spatial selectivity, and place field similarity between a 
highly familiar and a novel environment (see Table 1–1 for binding affinity and intrinsic 
efficacy and Figure 1–6 for chemical structure of α5IA). We adopted a simple view and 
hypothesized that there would be a general increase in place cell discharge frequency 
because the collective activity of a negative modulator at a receptor through which 
inhibition occurs would be a release in intrinsic inhibition, thereby resulting in excitation. 
A modest increase in place cell firing frequency may be sufficient to enhance spatial 
memory, thereby accounting for the behavioral results reported by Dawson and 
colleagues (2006). 
This study was based on preliminary work involving a different NAM that was 
administered to both aged and young adult rats (see Appendix), which we pursued based 
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 on previous behavioral data (Koh, Rosenzweig-Lipson & Gallagher, 2013). The 
preliminary work, which provided inconclusive yet provocative results, and the study 
presented in this chapter are important parts of establishing the pharmacological arm of 
the proposed platform (Chapter V). While modulating α  has been linked to alterations in 
spatial memory, effects on place cell function are unknown. 
This study differs from the last (Chapter III) in a handful of ways. First, in this 
study, we used drug-naïve young adult Long-Evans rats. We did not include any aged 
animals in this study, nor was the cognitive status of the animals characterized in the 
water maze prior to recordings. Second, we modified the remapping approach 
(Experiment 1) such that we used novel environments that were very similar to the 
familiar environment. Pattern completion is the persistence of the same hippocampal 
spatial representations after removal or modification of parts of the original context  
(Muller & Kubie, 1987; Nakazawa et al., 2003; O'Keefe & Conway, 1978; Quirk et al., 
1990). Pattern separation is expressed as the occasional tendency of hippocampal 
representations to show ‘‘remapping’’ in the response to changes in the environment  
(Bostock, Muller & Kubie, 1991; Markus et al., 1995; Muller & Kubie, 1987). We 
hypothesized that α5IA would enhance remapping and anticipated that the effects may be 
subtle. So, to prevent a ceiling effect elicited by starkly different environments (making 
drug effects difficult to detect because of their occlusion by the environmental effects), 
we chose to use environments that were quite similar. 
Third, we performed the vehicle and drug trials on the same day, without 
adjusting the tetrodes between trials so we could follow the responses of the same place 
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 cell population across the control and experimental conditions. Fourth, we also evaluated 
α5IA in an escalating dose experiment (Experiment 2) to determine if the drug would 
dose-dependently enhance place cell firing frequency. Fifth, we included a behavioral test 
of spatial memory, the location novelty recognition test (LNR; Experiment 3). LNR is a 
spatial memory task that is sensitive to hippocampal damage and we employed it to 
explicitly assess effects of the α5IA on spatial memory. Last, we focused our study on 
the place cells of the CA1 subregion rather than acquiring simultaneous recordings from 
both hippocampal subregions.  
Methods. 
Drug and dose selections 
α5IA was chosen due to its known pharmacokinetic profile – in particular, the 
half-life of α5IA is established to be 54 min (0.9 hr). The duration of a single recording 
session (~ 50 min) in addition to the 30 min post-administration time totals 1.3 hr. The 
time it takes for the drug to reach maximum plasma levels (oral ) is two hours, which is 
relevant to this work as α5IA was orally administered (Table 1–2). Doses of α5IA orally 
administered to rats at 0.3, 1.0 and 3.0 mg/kg have all been shown to enhance 
hippocampus-dependent memory (performance in the delayed-matching-to-position 
version of the Morris water maze) in the absence of locomotor, anxiogenic, or convulsant 
(no effect on seizure threshold or development of seizure activity) side effects (Dawson 
et al., 2006). In the same study, receptor occupancy in rat brain, assessed at 0.5 and 4.5 hr 
after oral administration, was not appreciably different for any of the doses at these two 
time points. Further, occupancy was measured to be around 25%, 55%, and 68% at the 
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 0.3, 1.0, and 3.0 mg/kg doses, respectively. The variance about the occupancy values in 
the lowest efficacious dose was over three times above that of the 1.0 mg/kg and 3.0 
mg/kg doses. A dose of 1.0 mg/kg α5IA was selected for this work because it has been 
shown to enhance memory performance in rats, the receptor occupancy percentage and 
variance about this measure were more favorable than those associated with a lower dose, 
and potential off-target effects were expected to be lower than those elicited by a higher 
dose.  
Rationale for not counterbalancing the order of vehicle and drug administrations  
In Experiment 1 (Figure 4–1A), α5IA was orally administered after vehicle due to 
the half-life (0.9 hr) of the drug. Counterbalancing the order of vehicle and drug 
administration was not possible. Importantly, it has not been established that the 
metabolic products of α5IA are devoid of functional activity. Clearance was estimated to 
require seven half-lives, or approximately seven hours: thus, experiments where the drug 
was administered prior to vehicle trials would have spanned at least twelve hours. Such a 
long intertrial interval may have also produced more variability in results due to the 
arousal or wakeful state of the animals, which were on a 12 hr light/dark cycle. Data 
interpretation would have proven difficult for these reasons, which is why vehicle was 
always administered prior to α5IA in these experiments. 
Rationale for environmental shapes and cues selection 
The same black square (familiar) environment with prominent yellow stripes 
along one of the four walls was used in all three experiments. Experiment 1 (remapping) 
and Experiment 2 (escalating dose) were employed to evaluate the effects of α5IA on 
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 CA1 place cell firing properties. In the remapping paradigm, two novel environments (i.e. 
black cylindrical and hexagonal enclosures) with the same prominent yellow stripes on 
one wall (in the case of the cylinder, stripes occupied a 90° arc, or one quarter of the 
interior) were used and counterbalanced across vehicle and drug conditions and between 
rats. The only difference between the environments was environmental shape. We 
anticipated that α5IA effects would be subtle, and so we used two environments that 
were quite similar to avoid ceiling effects of environmental change on place cell firing 
properties. Our idea here was that under vehicle conditions, few place cells would 
respond to the environmental manipulation, and α5IA would elicit a more robust 
response. For these experiments, the vehicle and α5IA trials were conducted on the same 
day and tetrodes were not moved between recordings.  
Rationale for recording solely from CA1 place cells  
While α  are located on the base of dendritic spines of both CA3 and CA1 cells, 
we focused on recording changes in CA1 function because information from DG pattern 
separation and CA3 pattern completion processes is conveyed to CA1 through the CA3 
field by Schaffer collateral fibers, thus influencing the activity of CA1 place cells 
(reviewed in Chapter I). Further, we expected α5IA to elicit relatively subtle effects and 
the properties of CA1 cells offered stronger evidence for measuring improvements in 
information processing. Mizuseki and colleagues (2012) showed that a larger fraction of 
CA1 than CA3 neurons had definable place fields (by peak rate criterion), which would 
allow more opportunities to for an effect to be documented. They also showed that the 
mean place field size was significantly larger for CA1 cells, and place fields of CA1 cells 
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 were less compact, less stable and carried less spatial information per spike than did those 
in CA3. These characteristics also allow room for improvement by therapeutic 
intervention in the normal, adult hippocampus.  
In terms of neural representations of two environments (remapping), rate changes 
in CA1 can be rather moderate while rates in CA3 and DG may vary over an order of 
magnitude  (Leutgeb et al., 2007; Leutgeb et al., 2005). Leutgeb et al. (2004) found that 
when they changed an environment within a room, the firing patterns in CA1 re-
organized while those in CA3 remained largely unchanged. In contrast to the abrupt all-
or-none response of CA3 cells, CA1 pyramidal cells respond more gradually to graded 
changes in the environment (Leutgeb et al., 2004; Vazdarjanova & Guzowski, 2004). We 
opted to use very similar environments in Experiment 1 and based on this information, 
the response to subtle changes in the environment would be more gradual in CA1 cells 
whereas in CA3, it is likely that no change would occur, making it difficult to measure 
α5IA drug effects. 
Finally, pyramidal cells are more numerous in the CA1 subfield, numbering 
approximately 390,000 compared to approximately 250,000 in CA3 (Rapp & Gallagher, 
1996). We exploited the distribution of place cells in hippocampus to increase the number 
of recorded cells that could be included for analyses instead of dividing our resources 
(e.g. tetrodes in each headstage) between CA3 and CA1.  
Using the location novelty recognition task as a measure for spatial memory 
In the location novelty recognition task, two identical objects were used in a given 
vehicle or drug trial, and differed between them (Figure 4–1C). The novel location 
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 recognition task is a simple behavioral assay of memory that relies primarily on the rat’s 
innate exploratory behaviors without having to employ rules or use reinforcement  
(Ennaceur & Delacour, 1988). In our version, the rat was familiarized to two copies of 
the same object in any two of the four quadrants of the familiar environment and then 
following a two hour delay, the animal was presented with those same familiar objects, 
one of which was displaced to a novel location (a previously vacant quadrant). The 
preference for novelty is revealed by the tendency of the animal to spend more time 
exploring the familiar object that was displaced to a novel location. All objects were 
tested and found devoid of bias – rats spent equal time with each of the objects used. The 
environment floor and objects were cleaned with 30% ethanol between recordings to 
remove olfactory cues. Place cell data acquired in the LNR task was too sparse to be 
subjected to statistical analyses and accordingly, only the behavioral data was scored and 
included in this report. 
 126 
 A. Experiment 1: Remapping 
 
B. Experiment 2: Escalating Dose 
 
 
C. Experiment 3: Location Novelty Recognition 
 
 
Figure 4–1. Remapping, location novelty recognition, and escalating dose experimental designs.  
Duration (min) of each segment is indicated on the appropriate timeline. Gray boxes on each timeline represent ~3 min during 
which the chamber was cleaned. Administration of 0.5% methylcellulose vehicle or α5IA (PO) is indicated with arrows. A) In 
the remapping experiment, the novel cylindrical or hexagonal enclosures were counterbalanced across vehicle and drug trials 
between rats. C) In the location novelty recognition task, objects and their locations were counterbalanced across vehicle and 
drug trials between rats. Stripes represent the striped walls in the familiar environment and comprise the central cue that was 
maintained across all environments in all experiments. NDA: neural data acquisition.
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Statistical design.  
 All data are expressed as the mean ± SEM. For Experiment 1 (remapping, Figure 
4–1A), the same statistical analyses described in Chapter III were used. However, we 
employed a new work-flow to process and analyze the data (Figure 4–2), including the 
use of custom MATLAB software created by Dr. Scott Downing to calculate the mean 
and peak firing rates, spatial information content, and place field correlations.  
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Figure 4–2. Illustration of workflow involved in data processing & analyses.  
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 For Experiment 2 (escalating dose, Figure 4–1B), repeated measures ANOVAs 
were used for all variables. For Experiment 3 (location novelty recognition task, Figure 
4–1C), a location index on each trial was calculated for each subject as previously 
described  (Murai et al., 2007):  
 
 
where  is the time spent exploring the displaced object and  is the time spent exploring 
the non-displaced object. A one-sample t-test was used to determine whether the location 
index was different from chance level performance (50%) and the performance of each 
rat in either treatment group was directly compared using a paired, one-tailed t-test with a 
probability level of α < 0.05 considered to be statistically significant. 
Results. 
We recorded from ten adult (7 – 9 months) male Long-Evans rats. Data from half 
of these animals were excluded from analyses in Experiments 1 and 2 (remapping and 
escalating dose experiment, respectively) due to technical issues with the neural data files 
recorded using the Plexon data acquisition system. In Experiment 1, we recorded from 
a total of 221 cells in CA1, of which 116 were recorded in the vehicle condition and the 
remaining 105 in the drug condition. For all three experiments, vehicle and drug data 
were acquired on the same day and vehicle was always administered prior to α5IA for 
reasons previously mentioned (Figure 4–1).  
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 In Experiment 1, only the environmental shape was altered between the familiar 
and two novel environments. The hexagonal and cylindrical novel environments were 
counterbalanced across animals over the vehicle and α5IA conditions. Consistent with 
expectations, the multivariate analysis of variance revealed no difference between the 
cylindrical or hexagonal environments in terms of place cell mean firing rates, peak firing 
rates, spatial selectivity, or place field area; findings that are crucial for interpreting the 
results of this work, specifically the effects of α5IA administration on these variables 
(Table 4–1). In Experiment 2, we recorded from a total of 103 CA1 cells. Neural data 
files acquired for each of the four doses (0.0, 0.3, 0.7, and 2.0 mg/kg) were merged and 
sorted as a continuous recording, allowing us to follow the response of each cell over the 
course of the experiment.  
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Figure 4–3. Illustration showing histological verification of recording locations. 
Black dots indicate electrode tip placements on illustrations from the Rat Brain Atlas 
(Paxinos & Watson, 2006b) at coronal sections that are in the anterior-posterior plane at -
2.5 mm (A), -3.4 mm (B), and -3.8 mm (C) from Bregma. Majority of tetrodes were 
located in CA1 and those that were located elsewhere were excluded from analyses. 
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                 Table 4–1. Place cell parameters elicited by two novel environments are similar 
 Mean Peak Spatial Place 
 Firing Firing Information Field 
 Rate Rate Content Area 
 (Hz) (Hz) (bits/spike) () 
     Cylinder 0.41 ± 0.08 18.33 ± 4.11 1.41 ± 0.18 816.13 ± 114.65 
Hexagon 0.59 ± 0.05 13.32 ± 1.44 1.57 ± 0.05 776.03 ± 38.46 
F(1,114) 2.08 1.80 1.46 0.16 
p 0.15 0.18 0.23 0.69 
      Values are expressed ± standard error of the mean.
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 Environmental novelty affects CA1 place cell firing properties after vehicle 
administration 
We next examined how altering the environment affected the responses of CA1 
cells by assessing four typical reflections of changes in their spatial representation: 
alterations in the mean firing rate, peak firing rate, size of place fields, and location or 
shape of place fields. These results are presented in Table 4–2. Environmental novelty 
was signaled by an increase in the average mean firing rates of CA1 place cells by 37%, 
from 0.44 Hz in the familiar arena to 0.56 Hz in the novel arena (t(115) = -4.25, p < 0.001; 
Figure 4–4A). Consistent with the novelty-related increase in average mean firing rates, 
average peak firing rates nearly doubled from 7.65 Hz in the familiar environment to 
14.14 Hz in the novel (t(115) = -6.36, p < 0.001) following vehicle administration (Figure 
4–4B). This data is consistent with another report of increased discharge rates of CA1 
place cells in response to environmental novelty (Nitz & McNaughton, 2004). 
Not only were the firing frequencies of CA1 place cells enhanced by 
environmental novelty, the amount of information conveyed by each of those spikes 
increased as well (52% augmentation, from 1.02 bits/spike in the familiar environment to 
1.55 bits/spike in the novel environment; t(115) = -10.40, p < 0.001; Figure 4–2C). In 
measuring place field size, we found that introduction to environmental novelty caused 
expansion of CA1 place fields by 39% (mean field area: 783  in novel vs. 563  in 
familiar; t(115) = -6.86, p < 0.001, Figure 4–2D). This novelty-induced enlargement of 
place fields may parallel the novelty-related enlargement of grid cell fields (Barry, 
Ginzberg, O'Keefe & Burgess, 2012; Fyhn et al., 2007), and place fields may be extracted 
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 from grid fields (see Moser, Kropff & Moser, 2008 for review). A monosynaptic 
entorhinal projection to CA1 is sufficient to maintain CA1 place fields (Brun et al., 2002; 
McNaughton, Barnes, Meltzer & Sutherland, 1989) and it is necessary for high-quality 
CA1 place fields (Brun et al., 2008). In a more recent study, environmental novelty 
enlarged grid cell firing fields by 20.3% (Barry, Ginzberg, O'Keefe & Burgess, 2012b). 
When taken together, perhaps this novelty-induced enlargement in place field size is 
unsurprising. In summary, these results show that following vehicle administration, CA1 
place cells are, in fact, responsive to the subtle differences in shape alone, between the 
familiar square and the novel hexagonal or cylindrical enclosures on all measures.  
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                     Table 4–2. Novelty increases place cell firing rate, spatial information, & field area 
 Mean Peak Spatial Place 
 Firing Firing Information Field 
 Rate Rate Content Area 
 (Hz) (Hz) (bits/spike) () 
     Familiar 0.44 ± 0.03 7.65 ± 0.74 1.02 ± 0.05 562.75 ± 28.04 
Novel 0.56 ± 0.05 14.14 ± 1.39 1.55 ± 0.05 782.60 ± 37.03 
t(115) -4.25 -6.36 -10.40 -6.86 
p < 0.001 < 0.001 < 0.001 < 0.001 
                      Values are expressed ± standard error of the mean.
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 Effects of α5IA on CA1 place cell firing properties 
We hypothesized that systemic α5IA administration would increase the firing 
frequencies of CA1 place cells. Recall from the introductory chapter that interneurons 
release GABA onto dendritic spines of hippocampal pyramidal cells, where these α5-
containing receptors are thought to be extrasynaptically located. Thus, negative 
modulation of these post-synaptic receptors is expected to increase pyramidal cell firing 
rates due to disinhibition. The effects of α5IA administration on CA1 place cell mean and 
peak firing rates are presented in Table 4–2.  
Despite expectations, we found that the 1.0 mg/kg dose of α5IA did not affect the 
mean firing rates of place cells when compared to vehicle control (Figure 4–2A). 
Although the drug did not affect mean firing frequency, the ANOVA revealed a 
significant interaction between drug administration and type of environment (F(1,216) = 
86.89, p < 0.001). In fact, after administration of α5IA, there was no difference in the 
mean firing frequency between the familiar and novel environments (t(104) = 0.07, p = 
0.79), suggesting that the drug prevented the novelty-induced increase in mean firing that 
was evident in the vehicle condition (Figure 4–2A).   
It is worthwhile to note that the mean firing rates represent merely the average of 
all spiking of a place cell over the duration of an environmental trial, which gives us an 
indication of how the drug affects the general activity of a cell. Thus, peak firing rates 
may be a better reflection of the place field-specific firing rates of cells than the more 
broadly measured, mean firing rates. So even without detecting a change in the mean 
firing rates of CA1 place cells following α5IA administration, we still anticipated that the 
 137 
 drug would enhance peak firing frequencies. Indeed, we found that α5IA nearly doubled 
peak firing rates in the familiar environment (F(1,219) = 21.70, p < 0.001), although was 
without effect in the novel environment (F(1,219) = 1.10, p = 0.30; Figure 4–2B). Again, 
the ANOVA revealed a significant interaction between treatment and environment 
(F(1,219) = 102.95, p < 0.001), which is consistent with the environment-specific effect of 
the drug. As in the mean firing rate data, there was no difference in peak firing rates 
between the familiar and novel environments (t(104) = 2.01, p = 0.16) after α5IA 
administration, again suggesting that the drug prevented the novelty-related increase in 
the peak firing frequencies of CA1 place cells (Figure 4–2B). 
Next, we examined how well the mean firing rate for each cell in a given 
environment predicted its firing rate in another environment or within a repeated trial of 
the same environment, and asked whether α5IA affected these relationships. Similar to 
reports by Wilson et al.  and Leutgeb et al., the mean firing rates of CA1 cells in the two 
different environments (Familiar 1 and Novel 1) were well correlated following either 
vehicle (Pearson’s r(116) = 0.632, p < 0.001) or α5IA administration (Pearson’s r(105) = 
0.625, p < 0.001; Figure 4–3A). Similarly, a cell’s mean firing rate in a given 
environment predicted its mean firing rate within the same environment on a repeated 
trial following either vehicle (Pearson’s r(116) = 0.634, p < 0.001 for Familiar 1 and 
Familiar 2, and Pearson’s r(116) = 0.752, p < 0.001 for Novel 1 and Novel 2) or α5IA 
administration (Pearson’s r(105) = 0.633, p < 0.001 for Familiar 1 and Familiar 2, and 
Pearson’s r(105) = 0.825, p < 0.0001 for Novel 1 and Novel 2; Figure 4–3B,C). The 
relationships between how well a cell’s firing rate in one environment predicted its firing 
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 rate on another trial were unaffected by α5IA. We expected that the spatial correlations 
would be similar between environments because of the minimal difference between 
environments. 
Next, we analyzed the extent of firing rate change between trials following 
vehicle and α5IA administration. Regardless of treatment, there was no difference in the 
change in mean firing rate (accounting for direction) between Familiar 1 and Novel 1 
trials (F(1, 219) = 1.85, p = 0.18), or for repeated trials in the same environment (F(1, 219) = 
0.086, p = 0.77 for Familiar 1 and Familiar 2, and F(1, 219) < 0.001, p = 0.98 for Novel 1 
and Novel 2; Figure 4–4A). This demonstrates that, in both vehicle and α5IA treatment 
groups, some cells increased and some cells decreased their mean firing rates. The 
magnitude of change in mean firing rates (independent of direction), indicative of the 
degrees of dispersion shown in Figure 4–3C, showed that CA1 cells changed their firing 
patterns far less after α5IA was administered than they did after receiving vehicle on 
repeated trials in the novel environment (the magnitude of the mean firing rate change 
between Novel 1 and Novel 2 was reduced from 27.3% ± 1.95% to 18.79% ± 2.05% with 
α5IA, F(1, 219) = 9.03, p = 0.003; Figure 4–4B). 
In assessing the change in peak firing rates, repeated trials of the familiar 
environment elicited similar responses in both treatment groups (Familiar 1 and Familiar 
2; F(1, 219) = 0.59, p = 0.44; Figure 4–4C). However, α5IA enhanced CA1 peak firing 
rates upon the second exposure to the novel environment (cells in the vehicle condition 
reduced their peak firing rates by 8.50% ± 3.90% between Novel 1 and Novel 2, whereas 
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 cells in the α5IA group increased their peak firing rates by 18.42% ± 4.10%, F(1, 219) = 
22.59, p < 0.001; Figure 4–4C).  
While CA1 cells in both treatment groups increased their peak firing rates in 
response to environmental novelty (change between Familiar 1 and Novel 1 trials), we 
found that α5IA diminished this response (F(1, 219) = 18.32, p < 0.001); cells increased 
their peak firing rates by 54.08% ± 4.24% following vehicle, while α5IA administration  
diminished this change in peak firing rates, to 27.76% ± 4.46% (Figure 4–4C). The 
magnitude of change in peak firing frequency similarly reflects that α5IA dampened the 
novelty-associated increase as cells responded to environmental novelty less robustly 
following α5IA administration than after vehicle (65.39% ± 2.58% change after vehicle 
compared with a more modest 44.86% ± 2.72% change after α5IA, F(1, 219) = 30.03, p < 
0.001; Figure 4–4D).  
Next, we assessed the effects of negative modulation of α5-  receptors on the 
amount of information conveyed through each action potential transmitted by CA1 place 
cells. These results are presented in Table 4–3. The novelty-induced increase in spatial 
information content that was observed following vehicle administration was reversed 
with α5IA administration. After negative modulation of α5-  receptors, environmental 
novelty was associated with lower spatial information content (from 1.23 bits/spike in the 
familiar environment to 1.11 bits/spike in the novel environment, t(104) = 2.28, p = 0.024; 
Figure 4–2C). Further, α5IA had opposing effects on the information content of cells in 
either environment – the drug increased the information content of cells by 20% in the 
familiar environment (F(1, 219) = 9.68, p = 0.002) while reducing it by 28%  in the novel 
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 environment (F(1, 219) = 36.57, p < 0.001; Figure 4–2C). In summary, the α5IA effects on 
firing rates and spatial selectivity seem to normalize any discrepancies in these measures 
between two different environments such that the subtle differences between them are 
minimized. On these measures, perhaps α5IA changes place cell sensitivity to sensory 
input so that they are more responsive to what was previously familiar while exhibiting 
the same responsiveness to environmental novelty.  
Effects of α5IA on CA1 place field area and similarity 
Administration of α5IA reduced place field size by 73.8% in the familiar 
environment (mean field area in the familiar environment decreased from 562.75 ± 28.04 
 after vehicle to 415.14 ± 24.09  after α5IA administration; t(219) = 3.99, p < 0.001; 
Figure 4–2D). Just as with the vehicle control, environmental novelty also induced place 
field expansions in the α5IA treatment group (mean field area in the familiar 
environment enlarged from 415.14 ± 24.09  to 875.67 ± 49.81  in the novel; t(105) = -
10.03, p < 0.001, Figure 4–2D). The interesting finding here is that while the drug seems 
to minimize the difference between the familiar and novel environment on mean and 
peak firing rate and spatial selectivity measures, α5IA exacerbates the difference in place 
field size between the two environments (Figure 4–2D). 
After adjusting each firing rate map of the cylindrical and hexagonal arenas 
(novel environments) to match the map size and shape of the square enclosure (familiar 
environment), we examined how the place fields themselves changed across 
environments by quantifying the similarity between firing rate maps calculated as pixel-
to-pixel (3.5 cm x 3.5 cm) cross-correlations. A summary of those results is presented in 
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 Table 4–4. The pixel-to-pixel spatial correlations between the familiar environment trials 
are consistent with values previously reported for CA1 cells in a meta-analysis  (Wilson 
et al., 2005). However, our results show that the similarity of place fields between the 
familiar and novel environments are comparable to that between the repeated trials in the 
familiar environment following vehicle administration, which may be attributed to the 
subtle difference in shape between the familiar and novel environments used in this study 
(Figure 4–4E). The administration of α5IA reduced the similarity between place fields of 
the same environment by 18% and 20%, respectively between the two familiar 
environment trials and the two novel environment trials (Figure 4–4E).  
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Figure 4–4. Representative paths and place fields.  
The path that the animal traversed over the recording sessions following vehicle (left) and a5IA (right) are shown. 
Representative place fields of cells in each of the environments in the two separate conditions (eight different cells total, four 
place fields per cell) are shown as pseudocolored firing rate maps. The scale to the right of each spatial representation or place 
field reflects the peak firing rate (in Hz) of that cell in the environment.  
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Figure 4–5. α5IA & novelty affects place cell discharge, spatial information content, 
& field size.  
A & B) Environmental novelty increases average mean and peak firing frequencies of 
CA1 place cells following vehicle administration. The administration of α5IA prevents 
the novelty-induced enhancement of mean and peak discharge rates of the cells, while 
enhancing their peak firing frequencies in the familiar, but not novel environment. C) 
α5IA reverses the novelty-induced increase in the amount of spatial information 
transmitted per spike of CA1 place cells following vehicle administration. α5IA also 
increases SIC in the familiar environment while reducing it in the novel environment. D) 
α5IA reduces the size of CA1 place fields in the familiar environment. The novelty-
induced increase in place field area is retained across treatments. Significance is indicated 
where *p < 0.05, **p < 0.005, and #p < 0.001. 
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Figure 4–6. Scatterplots of mean firing rates by environment and treatment.  
Comparison of mean firing rates of individual CA1 cells in the familiar and novel 
environments and in repeated trials in the familiar and novel environments following 
vehicle or α5IA administration. Vehicle (open circles) and α5IA (closed circles), and 
their respective Pearson’s correlations (r) are shown on each scatterplot. Regression lines 
for vehicle (dashed) and α5IA (solid) are also shown; the gray dashed line represents a 
perfect positive correlation as reference on each scatterplot. A) Cells in Familiar 1 and 
Novel 1 trials, B) Cells in Familiar 1 and Familiar 2 trials, and C) Cells in Novel 1 and 
Novel 2 trials. Mean firing rates were correlated (p < 0.001) for all comparisons.  
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Figure 4–7. α5IA affects the change in place cell response to novelty. 
Changes in CA1 place cell mean and peak firing rates and place field similarity in 
response to environmental manipulation are affected by α5IA administration. Change in 
mean firing rates (A), magnitude of the change in mean firing rates (B), change in peak 
firing rates (C), magnitude of the change in peak firing rates (D), & place field similarity 
(E) between environments and between repeated trials in the same environment following 
vehicle or α5IA administration are shown. F1: Familiar 1, N1: Novel 1, F2: Familiar 2, 
N2: Novel 2; Significance is indicated where *p < 0.05, **p < 0.005, and #p < 0.001. 
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Table 4–2. Effects of α5IA on CA1 place cell discharge 
 Mean Firing Rate Peak Firing Rate 
 Vehicle α5IA p Vehicle α5IA p 
       
Familiar 0.44 ± 0.03 0.52 ± 0.04 0.11 7.65 ± 0.74 13.96 ± 0.14 < 0.001 
Novel 0.56 ± 0.07 0.51 ± 0.04 0.43 14.14 ± 1.39 12.18 ± 1.23 0.30 
p < 0.001 0.79 n/a < 0.001 0.16 n/a 
Values are expressed ± standard error of the mean (in Hz). 
 
Table 4–3. Effects of α5IA on spatial selectivity & field size of CA1 place cells 
 Spatial Selectivity Place Field Area 
 Vehicle α5IA p Vehicle α5IA p 
       
Familiar 1.02 ± 0.05 1.23 ± 0.05 0.002 563 ± 28 415 ± 24 
 
0.001 
Novel 1.55 ± 0.05 1.11 ± 0.05 < 0.001 783 ± 37 876 ± 50 
 
0.13 
p < 0.001 0.02 n/a < 0.001 < 0.001 n/a 
Values are expressed ± standard error of the mean (spatial selectivity in bits of information per spike & place field 
area in ).  
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Table 4–4. Effects of α5IA on place field similarity  
 Vehicle α5IA p 
    Familiar 1 and Novel 1 0.426 ± 0.021 0.374 ± 0.023 0.101 
Familiar 1 and Familiar 2 0.430 ± 0.023 0.353 ± 0.024 0.020 
Novel 1 and Novel 2 0.554 ± 0.023 0.447 ± 0.024 0.001 
Values are expressed ± standard error of the mean (in Pearson’s correlation, r).
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 α5IA Dose-dependently increases CA1 cell mean firing frequency 
In Experiment 3, the escalating dose experiment, rats were given 0.0, 0.3, 0.7, and 
2.0 mg/kg α5IA such that the accumulated doses of 0.0, 0.3, 1.0, and 3.0 mg/kg were 
respectively achieved (Figure 4–1B). Place analyses could not be reliably performed due 
to poor coverage of the environments and so only assessment on mean firing frequency is 
included here. Our results show that α5IA modestly increases mean firing rates by 21% 
at the lowest dose administered, raises it 57% when the dose accumulates to 1.0 mg/kg, 
and at a total of 3.0 mg/kg, α5IA increases mean firing frequency of CA1 cells by 42%. 
The data showing a 57% increase in mean firing at the 1.0 mg/kg accumulated dose is 
inconsistent with our previous findings in Experiment 1 (remapping) where α5IA at the 
same dose had no effect on the mean firing rates (Figure 4–2A).  
The same rats were used in both experiments so other than the passage of time 
(one day), prior exposure to the drug, and/or repeated exposure to the familiar 
environment coupled with compounded doses of α5IA must account for the discrepancy 
rather than say individual differences. Perhaps the earlier administration of α5IA in the 
remapping experiment was enough to prime the enhanced response to the drug. In 
retrospect, it would have been ideal to counterbalance the order of Experiments 1, 2, and 
3 to combat the possibility of introducing a possible confound of systematic error.  
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Figure 4–8. α5IA increases mean firing rate of CA1 place cells  
Change in mean firing rates between repeated trials in the same familiar environment 
following vehicle (open bars) of escalating doses of α5IA (closed bars). Significance is 
indicated where **p < 0.005 and #p < 0.001. 
 
α5IA enhances performance on a location novelty recognition task 
In Experiment 2, rats were tested in the location novelty recognition task, a 
behavioral assay known to be sensitive to hippocampal damage. Ennaceur and Delacour 
(1988)  found that with delays of one and four hours, rats did not perform above chance 
level. Accordingly, in the vehicle control condition, rats were expected to perform at 
chance level in the test probe following a two-hour delay, whereas α5IA was expected to 
boost performance above chance level with the same delay period. Consistent with 
expectations, α5IA treated rats performed above chance level (65.32% ± 2.42%, t(8) = 
6.32, p < 0.001) while performances of the rats in the vehicle condition did not differ 
from chance (47.13% ± 3.52%, t(8) = 0.81, p = 0.44; Figure 4–9). Direct comparison 
between the two treatment conditions similarly showed that the animals spent 18% more 
time with the displaced object following α5IA than vehicle administration (vehicle vs. 
α5IA: t(8) = 5.83, p < 0.001). These results are consistent with improvements previously 
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 shown in the water maze (Dawson et al., 2006), a different task of spatial memory, and 
demonstrate that α5IA similarly boosted this hippocampal-dependent spatial memory. 
 
 
Figure 4–9. α5IA enhances performance in the location novelty recognition task. 
Spatial memory performance (n = 9) was tested and compared on the location novelty 
recognition task following vehicle or 1.0 mg/kg (PO) α5IA administration. The gray 
dashed line indicates chance level performance at a location index of 50%. Significance 
is indicated where *p < 0.001 for drug vs. vehicle, and #p  < 0.001 for drug vs. chance 
level performance. 
 
Discussion.  
This is the only study to date that examines the effects of negatively modulating 
of α5-  receptors on CA1 place cell function and performance on the location novelty 
recognition task. Our behavioral data from Experiment 3 in the LNR task is consistent 
with the report by Dawson and colleagues (2006) showing that treatment with α5IA 
improved performance in the water maze. In our remapping paradigm using similar 
familiar and novel environments, place cells differentiated between the similar contexts 
in a number of ways following vehicle administration: increased mean and peak firing 
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 rates, enhanced spatial selectivity of firing, and enlarged place field area in response to 
environmental novelty.  
α5IA enhanced the spatial selectivity of place cell firing in both familiar and 
novel environments, and reduced the similarity of the place fields between the two 
different contexts. We also found that α5IA had opposing effects on place field size 
depending on environment (diminished field area in a familiar environment and enlarged 
it in a novel environment), and that the drug boosted the novelty-induced increase in 
place field area. In other words, α5IA enhanced the difference in place field area between 
the familiar and novel environments. These effects are in line with enhanced features of 
remapping, which is what we expected following α5IA treatment. 
Data from Experiments 1 and 2 show that α5IA increased place cell discharge 
rates. We hypothesized that negative modulation of α5-  receptors would generally result 
in disinhibition and this is consistent with that notion. However, while there was no 
significant effect of α5IA on place cell mean firing, the drug abolished the increase in 
mean firing elicited by environmental novelty (Figure 4–2). As expected, α5IA boosted 
peak firing frequency, however this effect was specific to the familiar environment. The 
elevation in peak firing within the familiar environment abolished the difference elicited 
by environmental novelty that we observed following vehicle administration. Thus, 
results show that α5IA attenuates the change in firing rate that occurs on exposure to the 
novel environment, suggesting the drug is interfering between the animal’s ability to 
distinguish a difference between the two environments. Alternatively, the drug could be 
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 making the previously acquired spatial representation of a familiar environment appear 
novel.  
These seemingly detrimental effects are not necessarily in conflict with the 
established memory enhancing properties of α5IA. Drawing from other studies, the 
general effects of memory inhibiting drugs and the changes they elicit in place cell 
electrophysiology can be counterintuitive. For instance, one might expect that drastic 
changes in otherwise useful spatial representations coupled with less spatial selectivity of 
cell firing could account for obvious errors in a spatial memory task. However, in spite of 
strong impairments in task accuracy following cannabinoid administration, researchers 
did not find reductions in the spatial selectivity of place cell discharge or increased 
(detrimental) place cell remapping (measured as the spatial correlation between place 
fields)  (Robbe & Buzsáki, 2009).  
There are some limitations with respect to interpreting our results. First, the 
systemic administration of α5IA renders the entire brain subject to its pharmacologic 
effects, which may include changes in the neuronal activity of brain regions that project 
to the hippocampus. Although α5-  receptors are densely distributed about hippocampus 
(and olfactory bulb), we cannot rule out the possibility that α5IA is also modulating other 
targets such as the very abundant and much more widely distributed α1-  receptors (see 
Table 1–1 for binding affinity and intrinsic efficacy). So, while α5IA is relatively 
selective for α5-  receptors, the drug still acts on a variety of  receptors, and it is 
impossible to determine the relative contribution of each subtype that collectively cause 
the observed changes.  
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 Regardless, our data shows that α5IA increases place cell firing rates, enhances 
some aspects of hippocampal information processing, and is in agreement with other 
reports that show enhancements in memory following treatment in rats. Although clinical 
development of Merck’s α5IA was halted due to toxicity, the beneficial effects of 
therapeutics that are selective for α5-  receptors is still of great interest because by 
modulating hippocampal excitability, they have great potential to thereby enhance 
memory performance. 
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 V. PLATFORM DEVELOPMENT FOR TARGET-BASED MOLECULAR 
DISSECTION OF SPATIAL LEARNING AND MEMORY USING IN VIVO 
ELECTROPHYSIOLOGICAL METHODS 
Abstract.  
Currently available tools to elucidate the roles of various targets that may be 
implicated in learning and memory processes in the hippocampus are useful, but limited 
in a number of ways. Cellular approaches and slice techniques are informative, but do not 
always translate to be relevant in the animal. Transgenic rodents can be used, but some 
targets of interest are embryonically lethal if eliminated and for others that are not, 
compensatory changes can occur and alter the neurophysiological landscape for the 
protein or process under investigation. Conditional knock-outs offer a potential solution, 
although hippocampal regional specificity is difficult to achieve. Further, creating these 
rodents is a long, arduous, and expensive process, making it difficult to advance 
knowledge regarding potential targets for which transgenic animals are unavailable. 
Basic pharmacological approaches are limited in that drugs bind many proteins and can 
potentially have many off-target effects. Here, we propose a novel platform as an answer 
to these shortcomings that can be utilized for the dissection of spatial memory involving 
three different targets at the transcriptional level, receptor level, and neurobiological 
process level (neurogenesis). 
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 Introduction.  
We sought to develop a target-based platform involving a novel approach that 
combines molecular techniques to achieve hippocampus specific knock down of targets 
implicated in spatial learning and memory with in vivo electrophysiological techniques 
and pharmacology (Fig 5–1). First, potential targets involved in spatial learning and 
memory pathways must be identified. Then, based on which targets can be manipulated 
using currently available molecular interventions, target selection occurs (Fig 5–2). In our 
case, we chose the following three targets for proof-of-principle: α5 subunit of the  
receptor, Egr3, and Wnt. Following target selection, constructs against these targets must 
be created, with the goal of reducing target activity. Targets are screened in cell culture 
where they are validated before moving into the rat. Once validation is successful, the 
constructs are then appropriately packaged into a viral envelope for in vivo delivery. At 
this time, the viral delivery system is evaluated to ensure that the particular construct 
adequately transduces neurons. If the target protein is reduced, a group of rats are used to 
assess phenotypes and behavioral changes using hippocampus-dependent tasks of 
learning and memory. The question of whether or not the target reduction is sufficient to 
elicit a change in local neural ensembles can then be answered by the use of high density 
in vivo electrophysiological methods to measure alterations in place cell activity.  
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Figure 5–1. Overview of platform workflow.  
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Figure 5–2. Molecular approach within the platform.  
In the left arm of the platform workflow overview (refer to Figure 5–1), the molecular arm involves eight steps, 
which are enumerated here. 
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 Methods and Results. 
Steps 1 – 3 of molecular arm: In vitro screening of Gabra5 miRNA constructs  
We generated two synthetic micro-RNAs (64 bp) using a proprietary algorithm 
(Invitrogen) that predicts at least 70% knock-down of Gabra5 expression. Constructs 
were created by annealing the single-stranded oligonucleotides (sequences: CAG GTG 
CAG AAC AGA CAT CTA; TGC GAA CAG ACA TCT ATG TTA) that were then 
cloned into the expression vector, pcDNA6.2-GW/EmGFP-miR. Constructs were 
delivered into rat primary cortical cell cultures via electroporation, a physical gene 
transfer method where a high voltage electrical pulse creates a potential difference across 
the membrane that induces temporary pores in the cell membrane for DNA entry. We 
expected that if the constructs were accurately created, cells would express the foreign 
DNA, which could be detected by the presence of our reporter, in this case green 
fluorescent protein (GFP) (Figure 5–3). Cells were collected after 48 hours and RNA was 
immediately extracted for RT-PCR analysis. However, unable to measure a difference in 
the normalized amount of Gabra5 mRNA between the control and experimental samples 
(several replicates, data not shown), we shifted to the HEK293T expression system with 
the goal of measuring changes in protein rather than transcript levels. Excellent 
transfectional efficiency (Figure 5–4) yielded abundant cellular material used to assess 
target knockdown in the following steps.  
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Figure 5–3. Electroporated primary cortical cultures. 
Negative control miR construct (with EmGFP) was electroporated into rat primary 
cortical cultures. Images were captured 72 hrs post-transfection. Left: Phase, 146 cells. 
Right: Fluorescence, 41 cells. Average transfectional efficiency is estimated at 26%. 
 
 
Figure 5–4. Detection of high GFP levels in HEK293T cells.  
Cells were transiently transfected using the calcium phosphate method with 4.4 µg of 
plasmid DNAs per well. Images were captured 48 hrs post-transfection. From top to 
bottom: negative control, synthetic miRNA-512, and synthetic miRNA-516. Left: Phase. 
Right: Fluorescence. 
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 Step 4 of molecular arm: Screening of active rat α5-GABAA receptor miRNAs for future 
use in vivo. 
Four antibodies were tested for α5-specific immunoreactivity in Long-Evans rat 
hippocampal and cortical tissue samples using western blot (see Methods, Chapter II). 
We expected that the α5 signal would diminish as the protein concentration was reduced, 
and that more intense signal would be present in the hippocampal samples as α5 is more 
densely distributed in hippocampus relative to cerebral cortex. One antibody (846-GA5C, 
Phosphosolutions) yielded promising results, although the some non-specific binding was 
evident by other bands at unexpected sizes in addition to the band of interest (Figure 5–
5). Using the antibody, we demonstrate that the two constructs, “miRNA-512” and 
“miRNA-516”, significantly reduced the levels of α5 protein (27% and 11% compared to 
the negative control, respectively; n = 7, p < 0.001, Figure 5–6).  
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Figure 5–5. α5  receptor subunit antibody validation via western blot. 
Rat cortical and hippocampal tissue samples were loaded into the gel at concentration of 
90, 60, 45, and 30 µg. The α5-specific band can be seen migrating between 52 – 55 kDa, 
as indicated on the film (black arrow at left and red rectangle encompassing bands of 
interest). Intensity of α5-specific protein detected in hippocampal tissue samples 
diminishes with protein concentration and there is negligible α5 detected in cortical 
samples. Ctx: cortex, L: ladder, hipp: hippocampus. 
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Figure 5–6. Synthetic miRNA constructs knock down rat α5 protein. 
Expression constructs containing synthetic miRNA targeted at rat Gabra5 transcripts 
reduce α5 protein levels in transfected HEK293T cells. HEK293T protein samples co-
transfected with the α5 transgene and either the experimental or negative control 
miRNA-containing vector were collected 48 hrs post- transfection and separated by gel 
electrophoresis using standard western blot techniques. GFP and α5 were probed. Top: 
Representative blot that was used for densitometry. All samples show relatively similar 
levels of GFP, indicating consistent transfectional efficiency across conditions.  Intensity 
of the α5-specific band is dramatically reduced after co-expression of miRNA-512 (27%) 
and miRNA-516 (11%). Bottom: Quantitation of miRNA knockdown using 
densitometry. Data were normalized to GFP to account for small variations in 
transfectional efficiency and α5 levels are expressed as a % of negative control. 
 
Steps 5 – 7 of molecular arm: Transduction and detection of rat dentate gyrus granule 
cells containing the pLenti6.4/α4p/EmGFP-Egr3miR. 
The next segment of the workflow towards platform development was to package 
these validated constructs into an appropriate viral envelope for specific in vivo delivery. 
Dr. Julia Kim (formerly of the Russek laboratory) similarly created and screened 
synthetic miRNA constructs to knock down protein levels of a different target, Early 
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 Growth Response Factor 3 (Egr3). Lentiviral packaging of Egr3 constructs was 
completed through collaboration with Dr. John Wolfe (University of Pennsylvania).  
We used these lentiviral vectors as a tool to test whether viral gene delivery would 
prove effective for our proposed studies in systems pharmacology because the same 
methods used to create and package the Egr3 constructs could be applied to any target in 
vivo (including α5). Vectors, packaged using the vesicular stomatitis virus G, envelope, 
was stereotaxically microinjected into the DG (-2.4 mm AP, 1 mm ML, -4.1 mm DV and 
-6 mm AP, 4 mm ML, -4.2 mm DV), and then allowed a one-week incubation period for 
expression. Results indicate transduction of granule cells as detected by GFP reporter 
(Figure 5–7).  
We determined whether we could detect Egr3 in brain tissue prior to assessing 
changes in endogenous Egr3 protein levels as a result of miRNA expression using 
immunofluorescence. Results from our antibody validation experiments show specific 
Egr3 labeling in tissues incubated with a C-terminus antibody (SC-191x, Santa Cruz 
Biotechnology); label is absent in the presence of a neutralizing peptide (Figure 5–8). We 
co-stained for GFP, Egr3, and DAPI to determine whether Egr3 knock down was 
successful (Figure 5–9). Qualitatively, it appears as though there is little co-localization 
of Egr3 and GFP signals. It could be that the virus adequately knocked down its Egr3 
protein target but it is also possible that cells with low levels of Egr3 are those most 
susceptible to take up the virus. Either scenario could account for a lack of overlapping 
signals and further quantitative analyses are necessary to determine whether we achieved 
significant knock down.  
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 Successful demonstration of in vivo expression enabled progression in platform 
development. The next step of our workflow was originally to quantify the extent of 
target knock down in vivo and assess behavioral phenotypes. However, qualitative results 
(Figure 5–9) appeared quite robust and we decided to move on and measure neural 
ensemble activity after viral administration and evaluate associated changes. 
Accordingly, two rats were implanted with a headstage following viral-mediated 
construct delivery but acquisition of neural data was not possible from either rat. This 
technical setback prompted us to optimize our approach by adjusting the stereotaxic 
coordinates used for injection and implantation such that there was no overlap. 
Delivering the virus into the same area from which we recorded caused damage that 
likely prohibited the acquisition of neural data in these two rats.  
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Figure 5–7. High GFP is detected in GCL after LV-mediated transduction. 
Successful lentiviral packaging of a negative control construct transduces rat dentate 
granule cells in vivo. Expression of the reporter gene was assessed by GFP staining 
(green). Expression is achieved in GCL neurons and processes. DAPI (blue) nuclear stain 
reveals cell bodies in the tissue section. Scale bar 100 µm. 
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Figure 5–8. Egr3 specific immunofluorescence. 
Top: Anti-Egr3 immunofluorescence (red) shows prominent label throughout rat DG, 
Bottom left: A different section co-incubated with Egr3 antibody and neutralizing 
peptide shows only non-specific background label, Bottom right: Same section as in 
bottom left presented with GCL and other cell bodies stained with DAPI (blue). 
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Figure 5–9. Transduction of rat dentate gyrus is detectable.  
Synthetic miRNA targeted to Egr3 (pLenti6.4/α4p/EmGFP-Egr3miR) transduces granule 
cells in vivo via lentiviral delivery. Egr3 (red), GFP (green), and DAPI (blue) are detected 
at 40X.  
 
Step 8 of molecular arm: In vivo testing of the lentiviral vector containing the dominant 
negative Wnt construct in the adult rat  
The demonstration of good in vivo expression of our molecular intervention 
provided an important proof-of-principle. To push platform development forward, we 
used a virus that was validated and behaviorally characterized in the rat. Our collaborator, 
Dr. Fred Gage, characterized impairments in spatial memory in rats that arise from 
reductions in adult hippocampal neurogenesis (Jessberger et al., 2009). However, the 
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 Gage group did not concurrently record from hippocampal place cells to elucidate what 
electrophysiological changes may underlie the behavioral phenotype. 
Adult neurogenesis occurs in the subgranular zone of the DG, affecting 
information processing at perforant path fibers (ECDG) and mossy fibers (DG 
CA3). It has been postulated that the DG plays a significant role in separating similar 
memories by the process of pattern separation and that these new neurons are necessary 
for resolving new memories. Given that dentate spiking is coupled to synchronous 
population bursts of putative hilar interneurons, while CA3 pyramidal cells are 
suppressed during dentate spikes  (Bragin, Jandó, Nádasdy, van Landeghem & Buzsáki, 
1995), we propose that reductions in DG neurogenesis may relieve suppression of CA3 
HPC firing, thereby allowing for greater CA3 activity. This is in line with our 
overarching hypothesis that aberrant CA3 activity may ultimately result in spatial 
learning and memory deficiencies that manifest as a failure to pattern separate in our 
remapping paradigm, and an elevation in CA3 HPC firing. In line with our platform 
development goals, this virus could be used to investigate the contributions of dentate-
specific adult neurogenesis in the formation and maintenance of normal place field 
representations and place cell firing. 
 
Transduction of adult rat granule cells by CSC.cPPT.hCMV.dnWNT.iresGFP.Wpre and 
DCX immunofluorescence are detectable 
We obtained the experimental virus, a CMV-driven LV (lentivirus-expressing 
CMV-driven dnWNT followed by an internal ribosomal entry site (IRES)-GFP from the 
same vector; CSC.cPPT.hCMV.dnWNT.iresGFP.Wpre), and a control virus from the 
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 Gage laboratory with the goal of combining their “knock-down” approach with our high 
density in vivo electrophysiological recording of place cell activity.  
Before combining these two approaches, we sought to establish that we could 
first, adequately detect doublecortin, a protein marker for proliferating neuroblasts and 
immature postmitotic neurons; second, show similar levels of transduction in our 
laboratory to that reported by the Gage laboratory; and third verify knock down as 
previously reported. Gage and colleagues characterized the virus they provided to us in 
male Sprague-Dawley rats. Once the virus was obtained, I bilaterally microinjected the 
construct into the DG of Sprague-Dawley rats using similar coordinates published by the 
Gage group (Jessberger et al., 2009). Our results show that GFP is detectable at one week 
following viral administration (Figure 5–12). As expected, it appears that cells within and 
outside the SGZ adequately take up the virus.  
To determine if we could achieve comparable levels of Wnt knock down as the 
Gage group, we had to first demonstrate clear labeling of DCX-positive cells in the DG 
via immunofluorescence. After optimizing the staining techniques, results show that cells 
in the SGZ are immunoreactive to DCX, as expected (Figure 5–13). Achieving 
consistently high levels of expression proved difficult (Figure 5–14). In some cases, we 
transduced an off-target cell type (e.g. astrocytes or hilar mossy cells). Such effects are 
not entirely surprising because the constitutively active CMV promoter, which can vary 
considerably in strength from cell type to cell type, drives the LV-dnWnt expression.  
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Figure 5–10. High GFP detection in DG. 
GFP is detected following LV-dnWnt microinjections into DG after one week. Top: Sections were captured at 4X to show the 
extent of viral spread, indicated by green GFP signal. Bottom: At 20X, the morphology and location of transduced cells can be 
seen. The blue DAPI signal shows the location of cell bodies. The hippocampal fissure is indicated by a white dotted line as a 
reference point. The GCL is indicated by arrows (two middle panels). Cells within and outside the SGZ (indicated by red 
dotted lines) adequately take up the virus (bottom right panel). 
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Figure 5–11. Doublecortin immunofluorescence is detected in GCL.  
Doublecortin (Dcx), a neuron-specific marker for proliferating neuroblasts & immature postmitotic neurons, is detected in the 
somata and processes of cells in the GCL. Top: Sections showing rat DG were captured at 10X to show the extent of Dcx 
immunoreactivity, indicated by red Dcx signal. Bottom: Sections captured at 20X show the morphology and location of Dcx-
positive cells. The blue DAPI signal shows the location of cell bodies. Merged Dcx and DAPI signals are shown. The GCL is 
indicated by a double-headed arrow (top left panel). The same neuron is indicated by arrow throughout the right four panels. 
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Figure 5–12. Transduction of rat DG by dnWnt-GFP LV. 
Transduction of rat DG by dnWnt-GFP LV is detectable 1 week after intrahippocampal 
microinjection. All images were captured at 10X. Dcx immunoreactivity is prominent 
throughout the SGZ of the GCL (top right panel). Little overlap of the GFP and Dcx 
signals (bottom left panel) indicates that the virus is limiting neurogenesis as expected. 
The blue DAPI signal marks cell bodies in the merged image (bottom right panel). 
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 In vivo electrophysiological recording of hippocampal place cells following Wnt knock 
down in adult rats  
We combined the LV-dnWnt microinjections with the electrode implantation 
surgery in three rats. We employed the remapping paradigm (Chapter II) except we used 
one prominent cue (thick vertical yellow stripes) on one wall of both the familiar (black 
square) and novel (black cylinder) environments (as in Chapter IV). We expected any 
measurable effect in place fields as a result of the manipulation to be subtle in this work 
due to the small population of cells targets (specifically adult born granule cells). To 
detect such a subtle effect, we chose environments that were quite similar, with the idea 
that animals with a deficit may exhibit place field rigidity.  
We sought to test the LV-dnWnt treated, implanted rats at four, six, and eight 
weeks after the implantation surgery in the novel location recognition task to obtain 
feedback on when we may begin to see impairments in spatial memory. However, two of 
the three rats were sacrificed prior to electrophysiological data acquisition, and the third 
rat yielded a minimal amount of data (no cells were isolated). The behavioral results were 
inconclusive and an inadequate number of cells were recorded to analyze 
electrophysiological changes.   
Discussion and future direction. 
The goal of this work was to bring our novel platform through development and 
establish the process for the lab, allowing for the molecular dissection of spatial learning 
and memory. With the α  and Egr3 targets, we were able to design the synthetic micro 
ribonucleic acids that bind to the transcripts of interest, anneal & clone the 
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 oligonucleotide sequences into the pcDNA6.2-GW/EmGFP-miR expression vector, 
transiently transfect cells to confirm construct expression using two different methods, 
and screen for target knock down. At this point in the platform (Figure 5–2, step 5 of 8), 
work on the α5 target was halted as Russek and colleagues cloned the validated Egr3 
oligonucleotide sequences into α4p-Lenti6.4/R4R2/V5-DEST vector, then produced and 
titered the lentivirus (Figure 5–2, steps 6 & 7 of 8). Completion of these two steps saved 
months of time, allowing us to continue with proof-of-concept, bringing us the end of the 
molecular arm of the platform (in vivo transduction of hippocampal cells). The eighth and 
final step was to verify knockdown and assess phenotypes. Due to various technical 
difficulties (e.g. recording location ablation at viral injection sites in the Egr3 work and 
cranial hematomas in the Wnt work utilizing the Sprague-Dawley rats), we were unable 
to acquire an adequate amount of data for analysis.  
One issue with this specific viral approach for the investigation of neurogenesis 
on place cell firing characteristics in response to environmental novelty is granule cell 
turn over. On average, it takes eight to nine weeks for new neurons to be generated and 
the animals must remain implanted for the duration of this time following viral exposure 
before data can be acquired. It can take several weeks to advance the tetrodes to the 
hippocampal cell layers after the headstage is implanted. Waiting a month or more for the 
virus to exert maximal effect is dangerous because it becomes more likely that the 
headstage will not remain in place. Such an issue does not present a risk for other targets 
that are not modulated by such a temporal factor.  
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 A more general drawback to this approach is that the microinjections necessary to 
introduce the viral constructs into the brain cause physical damage to the cells along the 
length of the needle tract. Improvements to the platform can be made to reduce the 
damage associated with the microinjections.  It would be ideal to use a construct that 
could be systemically administered, readily cross the blood-brain barrier to gain access to 
brain tissues, and affect only neural populations of interest (e.g. construct expression is 
driven by a promoter that limits transduction to a particular cell type in a specific 
structure). Perhaps we are not far from this idea as Xiang and colleagues showed that 
systemic delivery of a protein by way of a Rabies viral envelope is possible for 
hippocampal-specific expression.  
Subregion-specific changes can be achieved by varying the locations of the 
intrahippocampal microinjection sites, injection volumes, and/or number of 
microinjections. Another level of subregional specificity can be achieved by using 
specific promoters to drive the expression of a construct within a particular region and/or 
cell type. This is advantageous over a pharmacological approach because drugs bind 
many proteins and can potentially have many off-target effects. There are transgenic mice 
that can be used to elucidate the contributions of various targets in learning and memory. 
The platform is arguably advantageous over rodent knock-out or knock-in models 
because it allows for flexibility in regional target alterations (e.g. unilateral or bilateral 
injections), and except for conditional knock-outs, it is devoid of developmental 
compensatory mechanisms that could make results difficult to interpret. While this 
approach can be somewhat time-consuming, the time demands pale in comparison to that 
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 involved with creating a knock-in or knock-out animal model. Further, constructs can be 
created to manipulate key proteins in particular pathways that have not yet been targeted 
in transgenic models.  Now that we have shown platform feasibility, future work for the 
lab involves employing the platform using the Egr3 or α  directed constructs, or for 
entirely new targets of interest. 
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 CONCLUSIONS AND INTERPRETATIONS 
Using in vivo high-density electrophysiology to record place cell activity in awake 
behaving rats, we tested the hypothesis that CA3 neuron hyperactivity in aged rats could 
be reduced by pharmacotherapy, and whether such a reduction would enhance spatial 
memory in aged as compared with young adult animals. We found that a low dose of 
LEV and VPA when administered parenterally reduces firing rates in aged and, 
surprisingly, increases firing rates in young adults.  When this firing rate data is mapped 
to the Cartesian coordinate system of the recording environment, it corresponds to a 
decrease in place field area, and an increase in spatial selectivity of CA3 place cells.  
These results are consistent with the observed enhancement by LEV + VPA of 
performance of aged animals in tests of spatial memory.  
We then tested the hypothesis that place cell activity, field area and spatial 
selectivity might also be indicators for therapeutic enhancement of spatial memory in 
young adult rats.  To accomplish this, we asked whether α5IA, which is a negative 
modulator of α  and known to improve performance in the water maze test for spatial 
memory, would similarly affect firing rates, field area, and spatial selectivity.  Consistent 
with expectation, we found that α5IA enhances hippocampal-dependent spatial memory 
as measured by the location novelty recognition task. The electrophysiological results 
show, however, that α5IA increases place cell firing rates, reduces field area, and 
increases spatial selectivity. Together, the data suggests that reducing place field area and 
enhancing spatial selectivity correlate with the improvement of spatial memory, 
independently of age and drug mechanism of action.   
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 According to our working hypothesis, the α5IA-induced increase in place cell 
firing rates in young adult animals likely results from disinhibition of place cells via 
negative modulation of α  at inhibitory, parvalbumin positive, interneuronal synapses 
located extrasynaptically at the base of CA1 and CA3 pyramidal cell dendritic spines.  
But further research will be needed to determine whether α5IA would increase or 
decrease place cell firing frequency in aged animals and, more importantly, in aged 
cognitively impaired animals. If the hippocampal network is altered with aging in a way 
that gives rise to impairment, a U-shaped relationship could be a possible model that fits 
our baseline observations (see Figure 7 in Chang 2005). Chang et al. (2005) reported 
increased firing rates of layer 2/3 cortical pyramidal cells in aged monkeys (compared 
with younger monkeys) and plotted this data against the animals’ cognitive performance 
as measured on a delayed non-match to sample task. The highest percent of correct 
responses on the task coincided with firing rates on the lower and higher ends of the 
range of recorded frequencies, with the poorest performance in the middle, thus fitting 
their data to a U-shaped curve. However, in light of the pharmacological results we 
report, we propose an “inverted U tuning relationship” between place cell firing rates and 
cognitive status (Figure 6). Such a model is consistent with the notion that 
pharmacological modulators can increase place cell firing rates in young adults and 
enhance cognition while increasing firing rates in aged and/or aged-impaired but 
ultimately impairing cognition. 
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Figure 6. Proposed relationship between place cell firing rate and spatial cognitive 
function.  
In the normal hippocampal network, there is a relatively good level of spatial cognitive 
function that can be improved with pharmacotherapy, which increases place cell firing 
rate. If the hippocampal network becomes dysfunctional with aging (or with 
neurodegenerative disease or neuropsychiatric disorder), then therapeutic agents that 
increase firing rates in a normal system and enhance cognition might increase firing rates 
in aged but reduce cognition or even decrease firing rates and enhance cognition. Optimal 
spatial cognitive function (X) likely occurs when a particular level of place cell activity is 
exhibited.  
 
To begin to test this hypothesis, we asked whether TB21007, a pharmacologically 
related but less selective α5-preferring NAM  (Chambers et al., 2003) also increases 
place cell firing rates in young and aged animals. Consistent with expectation from the 
α5IA results, we found that TB21007 increased the mean firing rates of aged animals but, 
contrary to prediction from pharmacological considerations, reduced rather than 
increased the heightened mean and peak firing rates of aged CA3 place cells. Yet, at the 
same time, TB21007 reduced place field area, enhanced spatial selectivity, and reduced 
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 place field similarity between environments in both young adult and aged rats (see 
Appendix), consistent with its known action as an enhancer of spatial memory.    
The results of probing the neural system with α  NAM tool compounds suggest a 
profound change in the role of inhibitory control of place cell firing rates within the aged 
hippocampal network.  As a corollary, TB21007 may exhibit increased “off target” 
actions in aged hippocampus as compared with young adult that could differentially 
modulate firing rates and spatial memory via subtle differences in mechanisms of action 
or neural networks. The results with TB21007 in comparison with α5IA are still 
somewhat preliminary because some details of experimental paradigm and history of the 
animals differ, and a study of α5IA in aged animals is needed. 
Collectively, however, the results demonstrate that the effects of drugs on place 
cell firing rates are not a reliable biomarker for effects on spatial memory, at variance 
with our initial hypothesis.  The results do suggest that spatial memory-enhancing 
pharmacotherapies are better correlated with the reduction of place field area and 
enhancement of spatial selectivity.  
As discussed above, we recognized that the discordant effects on firing frequency 
elicited by two similar NAMs may be due to off-target effects resulting from differences 
in their binding affinity and efficacy for α . Thus, to begin to differentiate these 
possibilities by specifically blocking α5 subunit containing receptor production and 
assembly at targeted sites in the hippocampus we synthesized and validated two α  
specific miRNAs for genetic knockdown experiments. This will hopefully serve as a 
platform for future attempts to improve spatial memory in young adult and aging animals 
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 via molecular genetic approaches, including viral vector mediated delivery to the 
hippocampus. To establish this platform in the laboratory, we explored the use of viral 
gene delivery techniques to enable the targeted knockdown and dominant negative 
expression to assess the feasibility of this gene delivery approach for the study of spatial 
memory (see Chapter V).  
In vivo electrophysiological experiments are currently being used by the 
pharmaceutical industry (e.g. Biogen Idec, Teva Pharmaceuticals) in support of various 
stages of the drug discovery process (e.g. target identification, target validation, lead 
identification, lead optimization and support of development candidates). However, in 
my view, important breakthroughs in the treatment of cognitive deficits associated with 
neuropsychiatric disorders and neurodegenerative diseases lies in taking a novel, more 
powerful approach for drug discovery. Using our platform to elucidate the role of drug 
targets in aging and in disease pathophysiology may provide a foundation for the 
development of small and large molecule therapies for the treatment of 
neurodegenerative diseases (e.g. Alzheimer’s disease, Parkinson’s disease, Multiple 
Sclerosis, and Amyotrophic Lateral Sclerosis). 
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 APPENDIX 
 
 EFFECTS OF THE α5GABAAR NEGATIVE MODULATOR TB21007 ON 
HIPPOCAMPAL PYRAMIDAL CELLS IN AGED AND YOUNG ADULT RATS 
Abstract. 
The high density of α  in hippocampus and their local distribution places them in 
a key position to regulate hippocampal excitability and ultimately affect hippocampal-
dependent cognition. After receiving the α5-  receptor preferring negative allosteric 
modulator (NAM), TB21007 (6,7-Dihydro-3-[(2-hydroxyethyl)thio-]-6,6-dimethyl-1-(2-
thiazolyl)-benzo[c]thiophen-4(-5H)-one), young adult rats showed improvement in the 
Morris water maze, without convulsant or pro-convulsant side effects (Chambers et al., 
2003). Interestingly, recent findings from Koh and colleagues (2013) showed that 
TB21007 had no effect on spatial memory performance on the radial arm maze in aged, 
spatial memory impaired rats at doses that produced memory-enhancing effects in young 
rats (Koh, Rosenzweig-Lipson & Gallagher, 2013). To reconcile the discrepancy of these 
reports, we recorded simultaneously from CA3 and CA1 place cells in young and aged 
rats as they explored two configurations of a familiar environment (rotated 0° and 180°). 
We show that mean firing rate of place cells increases with aging (more so in CA3 than 
in CA1). We also report that environmental rotation increases the maximum discharge 
frequency of place cells in young and aged animals alike and increases spatial selectivity 
of young but not aged cells. Place fields exhibited by CA1 cells that represent two 
different configurations of a familiar environment became more similar with aging. 
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 TB21007 reduced the heightened mean firing rates of aged CA3 place cells and reduced 
the place field similarity between environments in both young adult and aged rats. 
TB1007 also elicited age-related and context-specific effects as the drug reduced the peak 
firing frequencies and enhanced the spatial selectivity of aged CA3 cells in a rotated 
familiar environment. Although previous behavioral data showed no effect of TB21007 
in aged animals, our results suggest when this particular NAM is administered at the 
same dose, it improves aspects of hippocampal information processing in young and aged 
rats.  
Introduction. 
Functional suppression of α  results in a release of tonic inhibition and is 
correlated with enhanced cognitive performance. Given the implications α  have in 
learning and memory, their ability to modulate hippocampal network excitability, and 
their relatively high expression within CA1 and CA3, we sought to investigate how a 
memory enhancing dose of the α5-prefering negative modulator TB21007 (Koh et al., 
2013b) would affect place cell firing rates, spatial selectivity, and place field similarity 
between a familiar environment in two configurations; rotated 0° and 180° (see Table 1–1 
for binding affinity and intrinsic efficacy and Figure 1–6 for chemical structure of 
TB21007). We adopted the same view hypothesized in Chapter IV, that there would be a 
general increase in place cell discharge frequency in both young adult and aged rats, as 
the collective activity of a negative modulator at a receptor through which inhibition 
occurs would be a release in intrinsic inhibition, thereby resulting in excitation. 
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 In a recent report,Koh et al., 2013b administered the α5-preferring NAM, 
TB21007, and an α5-preferring positive allosteric modulator (PAM), compound 6, to 
both young and aged impaired rats. Their results showed: 1) the PAM compound 6 had 
no effect on memory performance in young rats but enhanced spatial memory 
performance in the radial arm maze in the aged, spatial memory impaired cohort, and 2) 
the NAM TB21007 had no effect on memory performance in this aged group at doses 
that produced memory-enhancing effects in young rats.  
Methods. 
To evaluate the effects of TB21007 on the electrophysiology of simultaneously 
recorded CA1 and CA3 place cells, we used a subset of the implanted rats from Chapter 
III: three young adult and three aged rats. We chose TB21007 over other α5-preferring 
negative modulators because our collaborator, Dr. Michela Gallagher (Johns Hopkins 
University) established behavioral data in this strain of out-bred Long-Evans rats using 
this compound (Koh, Haberman, Foti, McCown & Gallagher, 2010). We selected 0.3 
mg/kg because it is the lowest efficacious dose with cognitive enhancing properties in the 
delay-match-to-place version of the Morris water and radial arm mazes (Chambers et al., 
2003).  
 Briefly, TB21007 (0.3 mg/kg suspended in 70% PEG 300 vehicle, ip, Tocris 
Biosciences) was administered 30 min prior to recording. Animals were run in the 
remapping paradigm (Chapter II) except instead of using a novel enclosure, we used the 
familiar environment and simply rotated it 180° (Figure A–1). Following recording, 
tetrode placement was verified by histology (Figure A–2). We used the same place cell 
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 inclusion criteria described previously (Chapter II) and employed custom workflow to 
process and analyze the data (Figure 4–2). 
 
 
Figure A–1. Experimental set-up. 
Rats were injected (ip) with 70% PEG vehicle 30 min prior to recording in the familiar 
environment. After a 10-min trial, the floor was cleaned with 30% ethanol solution to 
remove olfactory cues and the familiar environment was rotated 180°. Recording 
continued as illustrated. Twenty-four hours later, TB21007 (0.3 mg/kg, ip) was 
administered and the recording procedure was repeated.  
 
Statistical analyses.  
 Analyses of place cell firing rate properties were performed using a 2 x 2 x 2 
repeated measures ANOVA, with environment (familiar vs. novel) as the within-subjects 
factor, and age (young adult vs. aged) and treatment (vehicle vs. drug) as the between-
subjects factors, with separate comparisons for each subregion (CA1 and CA3). To 
examine main effects and higher order interactions, we used standard ANOVA and 
applied two-tailed t-tests to identify the directionality of significant effects of a given 
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 factor. Generally, α < 0.05 unless tests of equal variances (Levene’s test and Box’s M) 
were violated, in which cases we adopted a more stringent α level (α < 0.001) to protect 
against Type I errors (the respective degrees of freedom were adjusted accordingly). 
Statistics were performed using IBM® SPSS® Statistics v20 (Armonk, NY). 
 
Results. 
We recorded from a total of 216 cells in young adult rats and 182 cells in aged rats (Table 
A–1). For a complete overview of the descriptive statistics for the data presented, see 
Tables A–2 through A–4.  
                             Table A–1. Quantity of place cells included in analyses 
  Vehicle TB21007 
Young CA1 63 75 
(n = 216) CA3 32 46 
    Aged CA1 42 58 
(n = 182) CA3 37 45 
    Total  174 224 
 
Effects of aging on place cell firing properties following vehicle administration 
We expected the mean and peak firing rates of aged place cells to be higher than 
in younger rats in both subregions, as this was what we found in a previous study using 
the same rats (see Chapter III). Consistent with our previous findings, aging affected 
place cell mean firing rates regardless of environmental manipulation following vehicle 
administration (CA3: F(1,66) = 4.73, p = 0.033 and CA1: F(1,103) = 19.14, p < 0.001), 
where aging dramatically increased mean firing rates in both subregions (CA3: t(65) = -
2.34, p = 0.025, and CA1: t(43) = -3.53, p = 0.001; Figure A–2).  
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 When we examined the peak firing of place cells, we found that rotating the 
familiar environment stimulated place cells in both subregions to increase their peak 
firing frequencies (CA3: t(46) = -5.67, p = 0.0001, and CA1: t(43) = -3.32, p = 0.002, 
Figure A–2). Our data also shows that aging robustly enhanced CA1 maximum discharge 
rates within the rotated environment (t(65) = -3.55, p = 0.002; Figure A–3).  
We expected spatial selectivity to decline with aging and found this to be 
similarly true in both subregions (CA3: F(1,66) = 11.65, p = 0.01, and CA1: F(1,103) = 5.65, 
p = 0.002; Figure A–6). However, in analyzing the data, the interaction between the 
environmental manipulation and age (F(1,103) = 35.63, p < 0.001) clearly reveals that 
young cells responded to the environmental rotation by conveying more information per 
action potential than aged cells, which accounts for the age-related differences in the case 
of spatial selectivity (familiar vs rotated familiar in young cells, CA3: t(31) = -2.18, p = 
0.037, and CA1: t(62) = -3.44, p = 0.001; Figure A–4).  
In line with the idea of place cell rigidity in aged rats  (Wilson et al., 2003), we 
expected the spatial correlations of the firing rate maps representing the familiar and 
rotated familiar environments in the aged cohort to be higher than in young animals, 
indicating poor response to environmental rotation. There were age effects on place field 
similarity in CA1 cells, particularly in the ability of the aged CA1 cells to differentiate 
between configurations of the familiar environment (F(1,103) = 12.72, p = 0.001; Figure 
A–5).  Similarities between the two environmental configurations were more correlated 
in aged than in young CA1 place fields (F1:180°F1, t(103) = -2.02, p = 0.046, and 
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 180°F2:F2, t(103) = -3.29, p = 0.001; Figure A–5). However, there were no age-related 
differences in CA3 place field similarity.  
 
Figure A–2. Aged place cells exhibit high mean firing rates.  
Aged place cells in both CA3 (left) and CA1 (right) exhibit dramatically higher mean 
firing rates than young cells following vehicle administration. Significance is indicated 
where *p < 0.05 and **p < 0.005. 
 
 
 
Figure A–3. Environmental rotation enhances peak firing rates. 
Rotation of the familiar environment enhances peak firing rates of both CA3 (left panel) 
and CA1 place cells (right panel) without an effect of age, while in CA1, aging also 
enhances peak firing rates in only the rotated familiar environment (right panel) 
following vehicle administration. Significance is indicated where **p < 0.005 and #p < 
0.001. 
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Figure A–4. Aging reduces spatial selectivity after rotation.  
Following vehicle administration, environmental rotation enhances the amount of 
information per spike conveyed by young place cells, an effect lost with aging. 
Regardless of environmental manipulation, aged CA1 cells have less spatial information 
content than young CA1 cells, specifically in the rotated familiar, but not familiar 
environment. Significance is indicated where *p < 0.05 and **p < 0.005. 
 
 
 
Figure A–5. Aged CA1 place cells are less sensitive to changes in sensory input.  
Aged CA1 place cells did not differentiate between configurations of the familiar 
environment as well as young CA1 place cells after vehicle administration.  Similarity 
between the two environmental configurations was greater in aged than in young CA1 
spatial representations. Note that the y-axis does not begin at zero. Significance is 
indicated where **p < 0.005. 
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 Effects of age and TB21007 on place cell firing rates 
There was a main effect of TB on mean FR of CA3 cells (F(1,156) = 3.95, p 
=0.049). ANOVA results indicate an age by treatment effect (F(1,156) = 6.67, p = 0.011). 
Independent of environmental manipulation, TB dramatically reduced mean FR of aged 
CA3 cells (t(36) = 2.21, p = 0.034; Figure A–6). There was no measurable effect of TB on 
CA1 place cell mean firing rates. When we assessed the effects of TB on peak firing 
frequency, we found that the drug only affected CA3 cells (F(1,156) = 7.11, p = 0.011), and 
only when the familiar environment was rotated (young: t(29) = 3.49, p = 0.002, and aged: 
t(28) = 2.41, p = 0.022). 
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Figure A–6. Effects of TB21007 on place cell firing rates.  
A) TB21007 reduces the mean firing rates of aged but not young CA3 place cells, in both configurations of a familiar 
environment. Mean values are indicated across environmental configurations for vehicle (dashed line) and TB21007 (solid 
line). C) TB21007 reduces the peak firing rates of CA3 cells that were exacerbated by environmental rotation. B&D) TB21007 
does not affect the mean or peak firing of CA1 cells. Significance is indicated where *p < 0.05 and **p < 0.005. 
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 Effects of TB21007 and aging on spatial selectivity & place field similarity 
We measured a significant main effect of TB21007 on the spatial selectivity of 
place cell firing (CA3: F(1,80) = 5.40, p = 0.023, and CA1: F(1,98) = 6.23, p = 0.014). 
TB21007 dramatically enhanced the amount of information conveyed by the spiking of 
aged place cells in the rotated familiar environment, nearly doubling the spatial 
selectivity of these aged cells (CA3: t(72) = -2.86, p = 0.005, and CA1: t(70) = -4.07, p < 
0.001; Figure A–7). Next, we examined the spatial representations of place cells. We 
found that TB21007 affected the spatial correlations between the familiar and rotated 
familiar environments (CA3: F(1,156) = 5.23, p = 0.024, and CA1: F(1,234) = 17.57, p < 
0.001), such that their representations became less similar following TB21007 
administration in young cells of both subregions (CA3: t(73) = 2.18, p = 0.032, and CA1: 
t(133) = 2.15, p = 0.033) and in aged CA1 cells (CA3: t(80) = 1.14, p = 0.26, and CA1: t(84) 
= 4.21 p < 0.001; Figure A–8).  
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Figure A–7. TB21007 enhances the spatial selectivity of aged place cells in a rotated familiar environment.  
Significance is indicated where **p < 0.005 and #p < 0.001. 
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Figure A–8. TB21007 enhances differentiation between environmental 
configurations. 
TB21007 enhances differentiation between environmental configurations in young place 
cells and in aged CA1 place cells. Significance is indicated where *p < 0.05 and  #p < 
0.001. 
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       Table A–2. Average mean and peak firing rates of place cells 
   Young Aged 
   Vehicle TB21007 Vehicle TB21007 
Mean  
 
 
CA1 
Familiar 0.29 ± 0.05 1.12 ± 0.56 1.45 ± 0.32 0.81 ± 0.14 
Rotated 0.49 ± 0.14 0.24 ± 0.07 2.19 ± 0.48 2.77 ± 0.42 
Overall 0.39 ± 0.08 0.68 ± 0.28 1.82 ± 0.38 1.79 ± 0.27 
 
CA3 
Familiar 0.27 ± 0.11 1.01 ± 0.48 2.28 ± 1.11 0.21 ± 0.05 
Rotated 0.28 ± 0.08 0.23 ± 0.14 3.90 ± 1.95 0.64 ± 0.15 
Overall 0.27 ± 0.08 0.62 ± 0.24 3.09 ± 1.20 0.43 ± 0.10 
Peak   
CA1 
Familiar 3.80 ± 0.69 4.62 ± 1.46 15.50 ± 4.16 8.10 ± 1.23 
Rotated 9.72 ± 2.83 16.85 ± 4.33 34.01 ± 7.25 40.62 ± 5.72 
Overall 6.76 ± 1.47 10.74 ± 2.75 24.75 ± 4.85 24.36 ± 3.09 
 
CA3 
Familiar 6.33 ± 1.16 3.82 ± 1.29 10.77 ± 3.22 4.39 ± 1.03 
Rotated 26.05 ± 5.54 6.28 ± 1.18 28.02 ± 5.06 14.08 ± 2.75 
Overall 16.19 ± 3.74 5.05 ± 0.82 19.39 ± 3.61 9.24 ± 1.74 
       Values are expressed ± standard error of the mean (in Hz). 
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                 Table A–3. Average spatial information content of place cells 
  Young Aged 
  Vehicle TB21007 Vehicle TB21007 
CA1 Familiar 0.12 ± 0.01 0.14 ± 0.01 0.22 ± 0.06 0.21 ± 0.03 
Rotated 0.73 ± 0.17 0.85 ± 0.18 0.22 ± 0.03 0.57 ± 0.08 
Overall 0.43 ± 0.08 0.50 ± 0.09 0.22 ± 0.04 0.39 ± 0.05 
CA3 Familiar 0.16 ± 0.02 0.15 ± 0.02 0.26 ± 0.05 0.26 ± 0.03 
Rotated 0.71 ± 0.25 0.81 ± 0.20 0.42 ± 0.07 0.79 ± 0.11 
Overall 0.43 ± 0.12 0.50 ± 0.10 0.34 ± 0.05 0.53 ± 0.06 
                 Values are expressed ± standard error of the mean (in bits/spike). 
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            Table A–4. Average place field correlations between environments  
  Young Aged 
  Vehicle TB21007 Vehicle TB21007 
F1 vs. F2 CA1 0.77 ± 0.03 0.80 ± 0.03 0.75 ± 0.04 0.72 ± 0.04 
CA3 0.73 ± 0.04 0.71 ± 0.05 0.66 ± 0.05 0.74 ± 0.03 
180° F1 vs. 180° F2 CA1 0.76 ± 0.03 0.67 ± 0.04 0.84 ± 0.04 0.79 ± 0.04 
CA3 0.74 ± 0.05 0.63 ± 0.06 0.63 ± 0.07 0.67 ± 0.05 
F1 vs. 180° F1 CA1 0.74 ± 0.03 0.65 ± 0.03 0.83 ± 0.03 0.69 ± 0.04 
CA3 0.78 ± 0.04 0.66 ± 0.05 0.75 ± 0.05 0.66 ± 0.04 
180° F2 vs. F2 CA1 0.72 ± 0.03 0.67 ± 0.04 0.84 ± 0.02 0.62 ± 0.04 
CA3 0.76 ± 0.04 0.63 ± 0.06 0.70 ± 0.05 0.68 ± 0.05 
             Values are expressed ± standard error of the mean (in Pearson’s correlation, r). 
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 Discussion. 
The study reported here was designed to characterize changes in aged and young 
place cell-firing properties elicited by TB21007, a drug previously shown to enhance 
spatial memory in young adult rats. Koh et al.  showed that 0.3 mg/kg TB21007, which is 
the same dose used in this experiment, reduces the number of errors made by young adult 
rats in a radial arm maze, but does not change the performance of aged, spatial memory 
impaired rats. The animals used in our experiment were shipped to us from the same 
laboratory that published the behavioral data on TB21007, although their cognitive status 
was not verified at the time of recording. Nevertheless, it is still useful to consider the 
likelihood that the aged cohort may exhibit more spatial memory deficits than the 
younger cohort. Thus, the goal of this study was to elucidate the effects of TB21007 on 
place cell electrophysiological measures as they are related to the behavioral changes 
established by Koh and colleagues. We additionally sought to test the basic hypothesis 
that systemic administration of this α5-  negative modulator would increase activity in 
hippocampus, where its receptors are greatly distributed and from where our recordings 
were performed. 
Our mean firing rate control data are somewhat consistent with Wilson et al.’s 
findings of CA3 hyperactivity in aged Long-Evans rats with cognitive impairment. In this 
meta-analysis, the authors did not find elevations in aged CA1 cell firing frequencies. 
Our results show that aging increases the mean firing rates of place cells in both 
subregions of hippocampus, albeit to a lesser extent in CA1 than in CA3. The data is 
consistent with our results using a different vehicle in these same animals (70% PEG-300 
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 vehicle was used in the present study whereas saline vehicle was used in Chapter III). 
Contrary to expectations, there were no age-related differences in CA3 peak firing rates. 
However, in CA1 we found that aged cells exhibited higher peak firing rates than that of 
young cells, but only in the rotated familiar environment.  
After we administered TB21007, the mean firing rates of aged CA3 cells 
dramatically diminished, which was against our initial hypothesis that drug application 
would result in an enhancement in activity. In fact, independent of environment, 
TB21007 reduced mean discharge frequency of aged CA3 cells, but was without any 
subregion-specific effect in young rats. When we assessed peak firing frequencies, we 
found that the drug dramatically reduced the rotation-induced elevation in the maximum 
discharge of CA3 cells observed following vehicle administration across both age groups. 
There was no measurable effect of the drug on CA1 place cell mean or peak firing rates.  
The reduction in neural activity caused by 0.3 mg/kg systemically administered 
TB21007 though unexpected, may be due to the proportion of the receptors distributed at 
synapses versus around synapses (extrasynaptic or perisynaptic locations) along with 
variability in the local neural network (e.g. the drug inhibits an interneuron that synapses 
with another interneuron which ultimately inhibits the pyramidal cell from firing). The 
complexity of networks has been mentioned by Zarnowska et al. where spontaneous 
activity in basket cells and/or other interneurons, which generate fast sIPSCs, may be 
under the opposing influence of multiple forms of phasic and tonic inhibition, mediated 
by α5- vs. non α5 containing receptors (Zarnowska, Keist, Rudolph & Pearce, 2009). 
Another factor that could contribute to this seemingly paradoxical effect is that lower 
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 concentrations of the drug in the brain following its systemic administration may 
ultimately result in increased inhibition rather than disinhibition. For example, recall 
from results reported in Chapter III that VPA has been shown to cause opposing effects 
on synaptic GABA concentrations depending on the dosage, where the lowest dose tested 
actually reduced hippocampal GABA (Biggs et al., 1992). 
As expected, young cells exhibited greater spatial selectivity than aged cells. This 
effect was driven by a marked increase in the selectivity of young cells elicited by the 
rotated familiar environment. Interestingly, TB21007 administration boosted the spatial 
information content of aged cells within the rotated familiar environment, thus preventing 
the age-related differences on this measure in both subregions. 
The spatial correlations in this study are greater and more positive than those 
reported elsewhere (Wilson et al., 2005), likely because there is much more similarity 
between rotations of a familiar environment as opposed to introducing the rats to an 
entirely novel environment. In line with the idea of place cell rigidity in aged rats  
(Wilson et al., 2003), we expected the spatial correlations of the firing rate maps 
representing the familiar and rotated environments in the aged cohort to show more 
similarity than in young animals, indicating poor response to environmental rotation. 
Although we did not find age-related differences in CA3, our results show that the 
similarity between the two different environmental configurations was greater in aged 
than in young CA1 cells. TB21007 modestly reduced the similarity between the two 
environmental configurations, thereby preventing the age-related differences that were 
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 present after vehicle administration. By this measure, the drug increased differentiation of 
the two configurations by making their spatial representations less similar. 
The behavioral effects exhibited by young but not aged rats in the report by Koh 
and colleagues is difficult to reconcile with our results because some of the potentially 
beneficial effects of TB21007 that we report here were exerted in the aged cohort (e.g. 
reduced hyperactive CA3 mean firing frequency, increased spatial selectivity in the 
rotated environment), while others were evident in both age groups (e.g. reduced the 
rotation-induced elevation in CA3 peak firing, reduced place field similarity between the 
two configurations of the environment). In this respect, it could be that the changes 
exhibited in the electrophysiology of the aged cells are insufficient to elicit a behavioral 
effect that would manifest as enhancements in a spatial memory task. Additionally, the 
paradigms used between the studies are not easily compared. The radial arm maze used in 
the Koh et al. work is a task of spatial memory that is sensitive to hippocampal damage. 
We did not employ any explicit cognitive assessment, but rather evaluated the responses 
of place cells to an environmental rotation in the absence and presence of TB21007 in our 
study. Additionally, we launched this study on the tail end of a battery of other 
manipulations, including the combination levetiracetam and valproate therapy. The 
effects we report following TB21007 administration may be confounded by repeated 
exposure to other drugs, making interpretation difficult. Last, the sample sizes of the 
groups of pyramidal cells used in these analyses widely varied, as was reflected in 
violations of equality of variance tests. While applying a more stringent α-level helps to 
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 combat this issue, a better alternative would be to analyze a data set with balanced 
samples. Taken together, a valid interpretation of these data is somewhat limited. 
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